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Ac   acetyl 
ADMET   absorption, distribution, metabolism, excretion, toxicity 
aq.   aqueous 
Ar   aryl 
ATP   adenosine triphosphate 
BBB   blood-brain barrier 
BINAP   2,2’-bis(diphenylphosphino)-1,1’-binaphthyl 
cAMP   cyclic adenosine monophosphate 
cGMP   cyclic guanosine monophosphate 
cLogD   calculated logarithm of the distribution coefficeient at pH7.4 
cLogP   calculated logarithm of the partition coefficient 
CDI   1,1’-carbonyldiimidazole 
CLint   intrinsic clearance 
CNS   central nervous system 
Compds   compounds 
CYP   cytochrome P450 
d.   day(s) 
DABCO   1,4-diazabicyclo[2.2.2]octane 
DBU   1,8-diazabicyclo[5.4.0]undec-7-ene 
DCE   1,2-dichloroethane 
DIPEA   N,N-diisopropylethylamine 
DME   1,2-dimethoxyethane 
DMF   N,N-dimethylformamide 
DMSO   dimethyl sulfoxide 
EDTA   ethylenediaminetetraacetic acid 
Et   ethyl 
FBDD   Fragment-Based Drug Design 
GABA   γ-aminobutyric acid 
GTP   guanosine triphosphate 
h.   hour(s) 
 
 
HATU   1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 
hexafluorophosphate 
HBD   hydrogen bond donor 
HLM   human liver microsomes 
HOBt   1-hydroxybenzotriazole 
HPLC   high performance liquid chromatography 
HRMS   high-resolution mass spectra 
HTRF   homogeneous time-resolved fluorescence 
HTS   high throughput screening 
IC50   50% inhibitory concentration 
JOSIPHOS  (dicyclohexylphosphino)ferrocenyl]ethyldi-tert-butylphosphine 
LC–MS   liquid chromatography–mass spectrometry 
Me   methyl 
min.   minute(s) 
MLM   mouse liver microsomes 
MSN   medium spiny neuron 
MW   molecular weight 
NBS   N-bromosuccinimide 
ND   not detected 
NER   net efflux ratio 
n-hexane   normal hexane 
NMDA   N-methyl-D-aspartate 
NMP   N-methylpyrrolidone 
No Dep.   No depletion in this condition 
NT not tested 
PCP phencyclidine 
PCR   polymerase chain reaction 
PDB   protein data bank 
Pd–C   palladium on carbon 





PDE   phosphodiesterase 
PEI   percente efficiency index 
Ph   phenyl 
PK   pharmacokinetics 
PKA   protein kinase A 
PKG   protein kinase G 
p.o.   oral administration 
quant.   quantitative yield 
SAR   structure activity relationship 
SOR   social odor recognition 
s.c.   subcutaneous injection 
T3P   propylphosphonic anhydride 
t-BuONa   sodium tert-butoxide 
THF   tetrahydrofuran 
TPSA   topological polar sueface area 
p-TsOH   p-toluenesulfonic acid 
UPLC   ultra performance liquid chromatography 
WSC·HCl  1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 
WT   wild type  
Xantphos   4,5-bis(diphenylphosphino)-9,9-dimethylxanthene 





























量の増加および抑制性ドパミン D2受容体の機能亢進 7、またグルタミン酸の入力低下 8が起きているこ




らセカンドメッセンジャーである 3’,5’-環状アデノシン一リン酸(cyclic adenosine monophosphate; cAMP)
の産生および cAMP/protein kinase A (PKA)シグナルを抑制する。また、グルタミン酸の入力により N-
methyl-D-aspartate (NMDA)受容体などのイオンチャネルが開口して Caイオンが流入し、一酸化窒素
(NO)の合成酵素、アデニル酸シクラーゼによるグアノシン-5'-三リン酸(guanosine triphosphate; GTP)から
の 3’,5’-環状グアノシン一リン酸 (cyclic guanosine monophosphate; cGMP)産生および cGMP/protein kinase 
G (PKG)シグナルを活性化する。統合失調症患者の線条体ではドパミン量の増加とドパミン D2受容体
の発現量亢進による cAMP/PKA シグナルの低下、ならびにグルタミン酸の入力低下による cGMP/PKG
シグナルの低下が起きる。それにより、線条体からの淡蒼球への抑制性 γ-aminobutyric acid (GABA)シ
グナルの出力が低下していると考えられている。その結果、線条体を含む大脳基底核によって調整さ








そこで、線条体の cAMP濃度および cGMP 濃度を上昇させることが出来れば、続く神経回路の活性






Figure 1. 統合失調症の病態仮説 
 
PDE は cAMP や cGMP といった細胞内の環状ヌクレオチドを分解する酵素であり、アミノ酸配列や
酵素化学的性質から 11種類のファミリー、21遺伝子に分類されている。PDE サブタイプはそれぞれ基
質特異性や発現部位が異なるが、その中で PDE10A は脳の線条体に多く発現しており、cAMP と cGMP
の両方を基質とする 9。線条体において PDE10Aは GABA作動性の中型有棘細胞 (medium spiny neuron; 
MSN)に局在していることが報告されており、PDE10Aが細胞内 cAMP/cGMP の代謝を介して GABA 神
経系の機能を調節していることが推察されている。したがって、PDE10Aを阻害する薬物は線条体内の
cAMP および cGMP 濃度を上昇させ、線条体から視床への GABAシグナルの出力を賦活化させること
で、視床のフィルター機能を正常化し、各症状に対する統合失調症治療薬としての作用を発現するこ
とが期待できる(Figure 2) 10。PDE10Aは cAMP に対する親和性が cGMP よりも 10倍高いことが知られ
ている 11。既存抗精神病薬は D2受容体下流の cAMP/PKA シグナルの調整のみで cGMP には作用しない







筋弛緩薬として知られるパパベリンをマウスに投与すると線条体の cAMPや cGMP が増加すること 10a
や、ラットでの陽性症状モデル(phencyclididne(PCP)誘発過活動モデル)や認知機能障害モデル(PCP 誘発
attentional set-shifting task 試験)で改善作用を示す 10a, 12 ことが報告されている。また、PDE10A KO マウ
スを用いた検討で、陰性症状モデル(social interection試験)において有効性が示されている 13。 
 
 









代謝関連の副作用が新たに認められている 16。これに対し、線条体には PDE10A 以外にも多くの PDE









Roche(RO 5545965, structure unknown)、Lundbeck(Lu AF11167, structure unknown)など多くの製薬会社が














 PDE10A サブタイプの結晶構造は解明されており、これまでに様々な PDE10A 阻害剤と PDE10Aタン
パクとの X 線結晶構造解析が行われている。すべての PDE ファミリーには’catalytic pocket’があり、共
通するグルタミン酸残基が cAMP や cGMP と水素結合を形成する役目を担っている 18。一方で、PDE10A
に特異的に存在するポケットとして’selectivity pocket’が知られている。21 の PDE ファミリーのうち、






までに報告されている PDE10A 阻害剤の MP-10 や ASP9436 などでは、それぞれキノリン環やベンゾイ
ミダゾール環が PDE10Aの selectivity pocketを占め、それらの環上窒素原子が Tyr693 と相互作用してお
り、いずれも他の PDE サブタイプとの高い選択性発現が報告されている 18, 19 (Figure 4, 5)。そのため、
PDE10Aとの共結晶の X線結晶構造解析において selectivity pocketを占有し Tyr693 と相互作用している





other PDEs >1000-fold  






PDE10A IC50: 8.0 nM
other PDEs: >420-fold  









化合物をデザインする場合、Lipinskiらが報告している Rule of fiveが物理化学的指標としてよく用いら
れる 20。 
Rule of five: (a) molecular weight (MW) > 500 Da; (b) calculated logarithm of the partition coefficient (cLogP) or 
logP > 5; (c) number of hydrogen bond donors (HBDs), OH plus NH count > 5; (d) number of hydrogen bond 
acceptors (HBAs), O plus N atoms > 10 
この指標は経験則だが、いずれか 1つでも当てはまる化合物は水溶性および小腸での透過性が低下
し、2つに当てはまると経口吸収性が悪く、最終的に医薬品になりづらいとされる。しかしながら、中
























おり、数多くの研究者が市販の CNS薬や CNS 候補薬を用いて、中枢移行に適した物理化学的パラメー
タの同定を試みている。中枢移行に最適な分子の物性値についての論文報告からの抜粋を Table1に示
す 22。 
Table 1. Physicochemical properties for optimal brain exposure in selected literature. 
data set conclusions and recommendations 
119 marteted CNS drugs and 108 
pfizer CNS clinical candidates 23 
Median values for marketed CNS drugs: MW 305.3; cLogP 2.8; cLogD 1.7; 
TPSA 44.8 Å2; pKa 8.4; HBD 1 
119 marteted CNS drugs and 108 
pfizer CNS clinical candidates 24 
The most desirable values: MW ≤ 360; cLogP ≤ 3; clogD ≤ 2; TPSA 40–90 Å2; 
HBD = 0; pKa ≤ 8 
Medicinal chemistry literature 
review 25 
Suggested physicochemical property ranges for increasing the potential for 
BBB penetration; MW < 500; cLogP 2–5; cLogD 2–5; TPSA < 90 Å2; HBD < 3 
Marketed CNS drugs 26 Attributes of a successful CNS drug candidate: MW < 450; cLogP < 5; 
PSA < 60–70 Å2; HBD < 3; HBA < 7; pKa 7.5–10.5; rotatable bonds < 8 
 
論文報告では、cLogP, calculated logarithm of the distribution coefficeient at pH7.4 (cLogD), MW, 
topological polar sueface area (TPSA), number of HBDs, ionization state (pKa) の 6つの物理化学的パラメー
タが中枢移行性に関連する指標として多く報告されている 27。創薬研究においては、これら複数の物
理学的パラメータのバランスをとりながら structure activity relationship (SAR) 探索を行う必要がある。
CNS 薬は非 CNS薬に比べて、分子量や極性表面積が小さく、脂溶性が高く、水素結合供与基が少ない
傾向がある 28。しかし、化合物の脂溶性の増加は活性が向上する可能性がある一方で代謝を受けやす





























第三節 Fragment-Based Drug Design (FBDD)について 
 
 低分子医薬品の創製において、質の高いヒット化合物を効率よく見出す手法は非常に重要となる。
従来のヒット探索の主流は High Throughput Screening (HTS)である。HTS ヒット化合物は 250–600程度





























ド効率の指数を Table 2に示す 38。 
 
Table 2. 各種リガンド効率 
リガンド効率指数 
(Ligand Efficiency Index; LEI) 
𝐋𝐄𝐈 =  
−自由エネルギー (∆𝐆)
重原子数





(Binding Efficiency Index; BEI) 
𝐁𝐄𝐈 =  




(Percent Efficiency Index; PEI) 





(Surface-binding Efficiency Index; SEI) 
𝐒𝐄𝐈 =  















で隣接するポケットに結合する 1つ目よりも小さな 2つ目のフラグメントを探索し、その 2つのフ
ラグメント同士を適切なリンカーを介して結合させ、リード化合物を得るという手法である。実際







KD = 6000 μM
(Second site ligand)
Ki = 0.036 μMKi = 1.4 μMKD = 300 μM
(First site ligand)
 






（論文や HTS ヒット、天然物など）とのハイブリット化は、Fragment-merging の手法を用いて短時
間に高活性な新規リード化合物を取得するのに有効な手段である。実際に GlaxoSmithKline 社の
Bertrandらの報告では、フラグメントヒットと HTS ヒットを組み合わせることにより強力な














Figure 9. Example of fragment merging. 
 
c) Fragment-Growing 






れる。例えば、Astex Therapeutics社の Howardらはフラグメントから X 線結晶構造解析を基に合成










 = 0.91 μM
 

























入および 5位Me基から 4位 MeO基への変換により、代謝安定性が改善した化合物 4b を見出した。
続くイミダゾ[4,5-b]ピリジノン環 7’位へのMe基導入により、in vitro活性が向上し、cytochrome 








 : 28 nM
hCL
int
 : 130 mL/min/kg
CYP3A4 inhibition:





 : 9.5 nM
hCL
int
 : 260 mL/min/kg
CYP3A4 inhibition:
residual activity : 73%
PDE10A: IC
50
 : 1700 nM PDE10A: IC
50
 : 9.2 nM
hCL
int














緯について述べている。PDE10A タンパクとの X 線結晶構造解析から得られたフラグメントヒット 33
に対して、in vitro活性の向上を目的に、PDE10Aタンパクの構造情報を参考にして置換基の導入およ
び変換などの構造最適化を実施した。その結果、強力な in vitro PDE10A 阻害活性を有するピリミド
[1,2-b]インダゾール誘導体 36aを見出した。化合物 36aは CYP3A4阻害作用を示さず、良好な代謝安
定性を示した（Figure 12）。 
               36a
hPDE10A IC
50
 : 2.0 nM
hCL
int
 : No depletion
CYP3A4 inhibition;
residual activity : 94%
Fragment hit 33
95.9 % inhibition at 10  M 
FBDD
 









とどまるものの、良好な膜透過性を示すことを見出した。化合物44aの PDE10A 阻害活性の向上と P-gp
基質性の低減を目指して置換基の導入および変換などの構造最適化を実施した結果、P-gp基質性を回避











: 3.2 x 10-6 cm/sec
Kp, brain: Not Detected
PDE10A: IC
50




: 16.8 x 10-6 cm/sec
PDE10A: IC
50



























 PDE10A 阻害剤を取得するために High-throughput screening（HTS）を実施した結果、化合物1をヒッ
ト化合物として同定した（Figure 14）。化合物の in vitro PDE10A 阻害活性は、ヒトリコンビナント PDE10A
による cAMP 加水分解反応を50%阻害する化合物濃度を IC50値として算出することにより評価した。 
化合物1の近傍の SAR 探索を行ったところ、ベンゾイミダゾール環上 N-1位にフェニル基を導入するこ




 = 1700 nM PDE10A IC
50
 = 590 nM
1 2a
 





Scheme 1 に示す。フェニレンジアミン誘導体17a (合成法は後述)とこはく酸モノメチルとの縮合、続く
酢酸中での環化反応によりベンゾイミダゾール体6を得た。化合物6のメチルエステル部の加水分解によ
りカルボン酸7を合成した。酢酸エチル中プロピルホスホン酸無水物（T3P）42を用いて化合物7とヘテロ









7 2a: X = Me, Y = CH, Z = CH
2b: X = H, Y = CH, Z = CH
2c: X = Me, Y = N, Z = CH
2d: X = H, Y = CH, Z = N
9 :  X = Br, Y = CH, Z = N




8a: X = Me, Y = CH, Z = CH
8b: X = H, Y = CH, Z = CH
8c: X = Me, Y = N, Z = CH
8d: X = H, Y = CH, Z = N
17a
 
Scheme 1. Reagents and conditions: (a) mono-methyl succinate, HATU, DIPEA, CH2Cl2; (b) AcOH, 96% (2 steps); 
(c) aq. NaOH, MeOH, 81%; (d) T3P, EtOAc, 33–82%; (e) N-bromosuccinimide, CH3CN, CH2Cl2, 81%; (f) 
trimethylboroxine, PdCl2(dppf)·CH2Cl2, K2CO3, 1,4-dioxane, 35%.  
 











2f 2g  
Scheme 2. Reagents and conditions: (a) ethyl acrylate, DBU, THF, 28–71%; (b) aq. NaOH, EtOH, 79–89%; (c) 


















3a: R = 5-Me, Ar = Ph
3b: R = 5-MeO, Ar = Ph
3c: R = 5-MeO, Ar = pyridin-2-yl
3d: R = 5-MeO, Ar = pyridin-3-yl
3e: R = 5-MeO, Ar = pyridin-4-yl
3f: R = 4-MeO, Ar = Ph
HCl
17a: R = 4-Me, Ar = Ph
17b: R = 4-MeO, Ar = Ph
17c: R = 4-MeO, Ar = pyridin-2-yl
17d: R = 4-MeO, Ar = pyridin-3-yl
17e: R = 4-MeO, Ar = pyridin-4-yl






13: R = 4-Me
14: R = 4-MeO
15: R = 3-MeO
16a: R = 4-Me, Ar = Ph
16b: R = 4-MeO, Ar = Ph
16c: R = 4-MeO, Ar = pyridin-2-yl
16d: R = 4-MeO, Ar = pyridin-3-yl
16e: R = 4-MeO, Ar = pyridin-4-yl
16f: R = 3-MeO, Ar = Ph
 
Scheme 3. Reagents and conditions: (a) Ar-NH2, Pd2(dba)3, BINAP, Cs2CO3, toluene, 33–97%; (b) H2, Pd(OH)2-C, 
EtOH, 14–79%; (c) ethyl acrylate, DBU, THF, 65%; (d) aq. NaOH, EtOH, 99%; (e) HATU, DIPEA, CH2Cl2; (f) 
AcOH, 21–99% (2 steps). 
 
次にアザベンゾイミダゾール誘導体4a, 4bの合成法を Scheme 4 に示す。2-クロロピリジン体21aと過
剰量のアニリンとをマイクロウェーブ照射下で反応させることにより、2-アミノピリジン体22a を合成
した 49。一方、2-クロロピリジン体21b とアニリンのカップリング反応により2-アミノピリジン体22bを











22a: R = 5-Me
22b: R = 4-MeO
23a: R = 5-Me
23b: R = 4-MeO
4a: R = 6-Me
4b: R = 7-MeO
21a: R = 5-Me
21b: R = 4-MeO
a or b c
 
Scheme 4. Reagents and conditions: (a) aniline, 47%; (b) aniline, Pd2(dba)3, BINAP, Cs2CO3, toluene, 74%; (c) H2, 
Pd-C, EtOH, 23–98%; (d) 20, HATU, DIPEA, CH2Cl2; (e) AcOH, 63–72% (2 steps). 
 












Scheme 5. Reagents and conditions: (a) methylamine, CuSO4, 80%; (b) CDI, THF; (c) ethyl acrylate, DBU, MeCN, 
76% (2 steps); (d) aq. NaOH, EtOH, 89%; (e) 23b, HATU, DIPEA, CH2Cl2; (f) AcOH, 76% (2 steps). 
 


















Scheme 6. Reagents and conditions: (a) β-alanine ethyl ester hydrochloride, Et3N, EtOH, 82%; (b) H2, Pd(OH)2-C, 
EtOH; (c) CDI, THF, 44% (2 steps); (d) MeI, Cs2CO3, DMF, 99%; (e) aq. NaOH, EtOH, 85%; (f) 23b, HATU, 






PDE10A タンパクの Tyr693と、イミダゾピリジン環の1位窒素原子が Gln726と相互作用すると推察され
た。ベンゾイミダゾール環は selectivity pocketを占有しており、他の PDE サブタイプとの選択性発現に
重要な構造であると推測したため、まずは in vitro PDE10A 阻害活性の向上を目的とし、化合物2a のイ
ミダゾピリジン部の変換を行うこととした。 
まずイミダゾピリジン部の置換基の変換及び窒素原子の位置や数の変換を行った結果を Table 3に示
す。1位 Me 基を除去した2b は PDE10A 阻害活性が大幅に減弱したことから、イミダゾピリジン環上置
換基が阻害活性発現に重要であることが分かった。イミダゾピリジン環上の電子状態の変化が Gln726と
の相互作用の強さに影響を与える可能性を考え、窒素原子を環内に追加した2cおよび2eを合成した。い
ずれも PDE10A 阻害活性は向上したが、2cは2aに比べ約3倍の活性向上に留まった一方、2eの PDE10A
24 
 
阻害活性は60倍程度増強した。この活性の違いを明らかにすべく、2c および2e の類縁体である2d と 
PDE10Aタンパクとの X線共結晶構造解析を行った（Figure 15, 16）。その結果、予想通りベンゾイミダ
ゾール環の3位窒素原子が Tyr693と水素結合していることが判明した。さらに、2cおよび2dの右側環構
造と PDE10Aの Phe729との間に π−π相互作用が、Ile692との間に CH−π相互作用が認められ、2cと2dの
PDE10A 阻害作用に貢献している可能性が示された。興味深いことに、2c と2d の Gln726に対する結合
様式が異なっており、2cではイミダゾピリミジン環上の7位窒素原子が Gln726と水素結合する一方、2d
ではイミダゾピリダジン環上1位窒素原子が相互作用することが明らかとなった。この結合様式の違い
について明確な理由は不明であるが、2d の結合様式が、PDE10A の Gln726との強力な水素結合形成に
好ましい、あるいは catalytic pocket内の空間を良好に占有するという可能性が考えられる。 
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92 >1000 4.5 
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9.1 >1000 5.0 
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8.3 910 4.9 
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9.2 330 3.6 
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28 >1000 4.4 































3a Me Ph 9.2 330 3.6 
3b MeO Ph 6.3 320 3.6 
3c MeO pyridin-2-yl 220 310 1.8 
3d MeO pyridin-3-yl 37 310 1.4 





らにベンゾイミダゾール環上7位に窒素原子を導入した4b では IC50 = 28nMを示し、3b と比較して代謝
安定性が改善する結果となった。これは4bの脂溶性の低さが代謝安定性の改善に寄与したと考える。 
 










3b 5-MeO CH 6.3 320 3.6 
4a 5-Me N 200 480 2.0 
3f 4-MeO CH 7.3 460 2.8 




第四節 PDE10A阻害活性および CYP3A4阻害活性の評価結果 
 
これまでに述べた化合物の中で、4b は HLM中で最も安定で且つ良好な PDE10A 阻害活性を示した。
しかしながら 4b は強い CYP3A4 阻害作用を有することが判明した（Table 6）。CYP3A4 は上市されて
いる薬の半数以上の代謝に関わっているとされているため、CYP3A4 の阻害は臨床現場で薬物−薬物相
互作用を引き起こす懸念がある 54。 
化合物の CYP3A4阻害活性は、化合物（5 µM）と HLM を30分間プレインキュベーションした後、
CYP3A4の基質であるミダゾラムを用いて CYP3A4の残存活性を測定することにより評価した。化合物
4b に含まれるピリジン環のような塩基性ヘテロ芳香環は CYP のヘムに配位することができ、CYP 阻害
を引き起こすことが知られている55。よって、化合物4bのピリジン環上に立体障害となる置換基導入や、






は CYP3A4阻害作用が低減し、PDE10A 阻害活性を約3倍向上させる結果となった。 









(% residual activity) 
logD7.4 
4b CH 28 130 20 1.6 
5a N 111 100 91 1.3 
5b CMe 9.5 260 73 1.9 






導体 1の in vitro活性の向上を目的に、構造変換を行った(Figure 17)。その結果、イミダゾ[1,5-a]ピリジ
ンからイミダゾ[4,5-b]ピリジノンへの変換及びベンゾイミダゾールへの置換基導入により阻害活性が大
きく向上した化合物 3aを見出した。化合物 3aの代謝安定性を改善すべく合成展開を実施した結果、
ベンゾイミダゾール環上 7位への窒素原子導入および 5位メチル基から 4位メトキシ基への変換によ
り、代謝安定性が改善した化合物 4b を見出した。さらに、化合物 4bの CYP3A4 阻害活性の課題を回
避すべく構造活性相関研究を実施した。その結果、イミダゾ[4,5-b]ピリジノン環 7’位へのメチル基導入
により、in vitro活性が向上し、CYP3A4 阻害活性が低減した化合物 5b を創出した。 
しかしながら、化合物5bの代謝安定性と CYP3A4阻害活性の値は創薬リード化合物としては十分でな
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PDE10A IC50: 9.5 nM 
CYP3A4 inhibition; residual activity: 73% 
hCLint: 260 mL/min/kg 
 
Figure 18. Structure of compound 5b. 
 
 フラグメントライブラリーと PDE10A の X線結晶構造解析により、catalytic pocketを占有するピラゾ
ロ[1,5-a]ピリミジン誘導体 33を見出した(Figure 19, 20)。本化合物は良好なリガンド効率を示していた
ため (PEI 38 =0.39)、フラグメントヒットとして化合物 33から合成展開を進めることとした。PDE10A
31 
 
と化合物 33との X 線結晶構造解析から、ピラゾロピリミジン環の 4位窒素原子が Gln726 と水素結合






    
 
X 線構造解析の結果から、Selectivity pocket内の Tyr693 と水素結合を形成することにより PDE10A
阻害活性の向上が図れる 18, 56と考え、fragment-growing の手法を用いて、隣接する selectivity pocketに








Figure 20. Crystal structure of 33 (pink) bound to 
PDE10A (PDB code: 5XUJ). 
PDE10A 95.9% inhibition at 10 M 
MW = 243.69 
PEI = 0.39 










オール誘導体34a−h, 35a−bは Scheme 7に示す方法により合成した。マロン酸モノエチルカリウムと CDI、
塩化マグネシウム存在下、市販のカルボン酸37を β-ケトエステル化した57後、ピラゾールアミン誘導体
38と酢酸中で反応させることにより、目的物34a−h, 35a−bを得た58。 












Scheme 7. Reagents and conditions: (a) monoethyl potassium malonate, CDI, MgCl2, NEt3, THF; (b) AcOH, 1,4-












36a: X = CH
42:   X = N
39 40 41
36a
36f 36b: R = NHMe
36c: R = OMe
36d: R = Me
36e: R = H
36g: R = CN
a, b




Scheme 8. Reagents and conditions: (a) aq. NaOH; (b) acetylacetone, AcOH, EtOH, 68% (2 steps); (c) monoethyl 
potassium malonate, CDI, MgCl2, NEt3, THF; (d) 1H-indazol-3-amine or 1H-pyrazolo[3,4-b]pyridin-3-amine, 
AcOH, 1,4-dioxane, 11% (2 steps); (e) POCl3, 38%; (f) methylamine, THF, 97%; (g) sodium methoxide, MeOH, 
82%; (h) trimethylboroxine, PdCl2(dppf)CH2Cl2, K2CO3, 1,4-dioxane, 34%; (i) H2, Pd-C, EtOH, 3% ; (j) KCN, 





合成した化合物の in vitro PDE10A阻害活性は、化合物濃度4 μMでのヒトリコンビナント PDE10Aに















誘導体 34gがいずれも中程度から高い PDE10A阻害活性を示した。特に、 トリアゾロピリミジン誘導
体 34eはキノリン誘導体 34a と同程度の阻害活性を示す一方で 34aよりも脂溶性が低い(logD7.4値; 34e 
= 0.3, 34a = 2.5)ことから、34eから活性の向上を目指し、さらなる合成展開を行うこととした。 
 トリアゾロピリミジン誘導体 34eと PDE10AタンパクとのＸ線結晶構造解析から、トリアゾロピリ


















Table 7. PDE10A inhibitory activity of heterocycles  
 
Compds R PDE10A  





























Figure 22. Crystal structure of 34e (cyan) bound to PDE10A (PDB code: 5XUI) 
 
 次に、トリアゾロピリミジン環とピラゾロピリミジン環それぞれへの置換基導入を行い、その効果




リミド[1,2-b]インダゾール誘導体 36aは 35aよりも 22倍も強力な阻害活性を示した。化合物 36aが高
活性を示したことから、化合物 36aの類縁体であるピリミドアザインダゾール誘導体 42と PDE10Aタ
ンパクとの X 線結晶構造解析を行った。その結果、予想に反してピリミドアザインダゾール環上 1位
窒素原子が Tyr693と水素結合をとり、トリアゾロピリミジン環上 4位窒素原子が Gln726と水素結合を
取ることが分かった (Figure 23)。PDE10Aタンパクの占有の形式が予想と左右反転した理由は明らかで
はないが、化合物 36aが PDE10Aタンパクのポケットの奥深くまで占有したために阻害活性が向上し






Table 8. PDE10A inhibitory activity  























アミノ基 36b は水酸基 36aと同様に強い阻害活性を示したが、メトキシ基 36cやメチル基 36d、無置換
38 
 





Table 9. PDE10A inhibitory activity for pyrimidoindazole. 
4
 
Compds R PDE10A IC50  
(nM) 
36a OH 2.0 
36b NHMe 7.8 
36c OMe 30 
36d Me 64 
36e H 78 
36f Cl 221 
36g CN 606 
 
 化合物 36aの ADME プロファイルを Figure 24に示す。化合物 36aは HLM中およびマウス肝ミクロ









PDE10A IC50: 2.0 nM 
logD7.4: 0.3 
CYP inhibition (1A2, 2C8, 2C9, 2C19, 2D6, 3A4); residual activity a: 109%, 99%, 86%, 95%, 99%, 94% 
CLint (mL/min/kg) (human, mouse): No Dep.b, No Dep.b 
P-gp NER: 1.8  
Figure 24. Profiles of compound 36a. 
 
a Residual activities of HLM for metabolism of each substrate in the presence of test compounds were determined 
following pre-incubation for 30 min.  





第一章で述べたように、HTS から見出した化合物 5b の代謝安定性と CYP3A4阻害活性の値は十分で
はなく、さらなる改善が必要であった。同様の母核からの展開では本課題の改善は困難であると考
え、化合物 5bとは異なる母核構造の取得を目指し、FBDDに基づいて展開を行った。PDE10A タンパ
クとの X 線結晶構造解析から得られたフラグメントヒット化合物 33に対して、in vitro阻害活性の向上
を目的に、その構造変換を行った。PDE10A タンパクの構造情報を参考にして置換基の導入および変換
などの構造最適化を実施した結果、強力な in vitro PDE10A阻害活性を有するピリミド[1,2-b]インダ





               36a
hPDE10A IC
50
 : 2.0 nM
hCL
int
 : No depletion
CYP3A4 inhibition;
residual activity : 94%
Fragment hit 33
95.9 % inhibition at 10  M 
FBDD
 
Figure 25. FBDD を活用した36aの創製の概要 
 










第二章で見出した化合物36a（Figure 26）は in vitro評価において強力な PDE10A阻害活性を示し、代
謝安定性や CYP 阻害活性が改善された。しかし、36aはマウスの中枢移行性が非常に低く(Table 10)、in 
vivo 試験のツール化合物として適さないことが明らかとなった。化合物36aは P-gp 基質性は低いものの
(Net Efflux Ratio (NER) = 1.8)、血中−脳間での膜透過性が低いことがわかった(Pint = 3.2×10-6 cm/sec)。そ
こで化合物36a の膜透過性の低さが低い中枢移行性の原因であると仮説を立て、膜透過性の向上を図る
こととした。 
膜透過性は脂溶性の高さや水素結合供与基(Hydrogen bond donors (HBDs))の数に関連していることが
知られている35b, 61。化合物36a の水酸基は水素結合供与基であり、水酸基の導入により低脂溶性を示し
ており、これが化合物36a の膜透過性の低さ、ひいては中枢移行性の低さをもたらしたと考えた。しか







PDE10A IC50: 2.0 nM 
logD7.4: 0.3 
P-gp NER: 1.8 
Pint: 3.2×10-6 cm/sec 
Figure 26. Structure of compound 36a. 
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Table 10. Plasma and brain concentration of 36a at 1 h after oral administration to mice 
 
Dose (mg/kg) Plasma (ng/mL) Brain (ng/g) Kp,brain a 
0.1 0.59 ND b ND b 
a Average value of individual Kp (brain/plasma) (n=3). 










43d を 1,2-ジブロモエタンでアルキル化することにより目的物 43f に誘導した(Scheme 10)。 
 
46 4741
a b c or d
43a: Ar = 2-quinoline
43b: Ar = 2-quinoxalin
43c: Ar = 2-quinazolin
43d: Ar = 2-benzimidazol
43e: Ar = 1-methyl-2-benzimidazole
 
Scheme 9. Reagents and conditions: (a) BnOH, diphenylphosphorylazide, triethylamine, toluene, 69%; (b) H2, Pd-
C, MeOH, quant.; (c) Ar-Cl, Pd(OAc)2, (S)-1-[(R)-2-(dicyclohexylphosphino)ferrocenyl]ethyldi-tert-









次に、化合物44a, b, g, hの合成法を Scheme 11 に示す。2-クロロ-1H-ベンゾイミダゾール(48)とアミノ
アルコール49a, b, g, h のイプソ置換反応によりアルコール体50a, b, g, h を合成した。塩化チオニルによ
る中間体50a, b, g, h のクロロ化の後、分子内アルキル化反応62により51a, b, g, hとし、続く(5,7-ジメチル
[1,2,4]トリアゾロ[1,5-a]ピリミジン-2-イル)酢酸 (52)との縮合により目的物44a, b, g, h を得た。 
 
51a: L = C2H4
51b: L = C3H6
51g: L = CH2CHMe
51h: L = CHMeCH2
50a: L = C2H4
50b: L = C3H6
50g: L = CHMeCH2
50h: L = CH2CHMe
52
49a: L = C2H4
49b: L = C3H6
49g: L = CHMeCH2
49h: L = CH2CHMe
51a : L = C2H4
51b: L = C3H6
51g: L = CH2CHMe
51h: L = CHMeCH2
d, e or f
44a: L = C2H4
44b: L = C3H6
44g: L = CH2CHMe




Scheme 11. Reagents and conditions: (a) neat, 24–97%; (b) SOCl2, DCE; (c) xylene, 14–97% (2 steps); (d) 
WSC•HCl, HOBt, triethylamine, DMF, 54–58%; (e) WSC•HCl, HOBt, DMF, 44%; (f) HATU, DIPEA, CH2Cl2, 
59%. 
 
イミダゾ[1,2-a]ベンゾイミダゾリル誘導体44c–f, 44iは Scheme 12 に示す方法で合成した。イミダゾリ
ジノン54a–b と2-ハロニトロベンゼン53c–f, 54iとの Buchwald-Hartwig クロスカップリング反応の後、鉄
触媒とヒドラジンを用いたニトロ基の還元、続くクロロ化により環化体したイミダゾ[1,2-a]ベンゾイミ






55c: R = 3-Me, Y = H
55d: R = 4-Me, Y = H
55e: R = 5-Me, Y = H
55f: R = 6-Me, Y = H
55i: R = H, Y = Me
44c: R = 3-Me, Y = H
44d: R = 4-Me, Y = H
44e: R = 5-Me, Y = H
44f: R = 6-Me, Y = H
44i: R = H, Y = Me
3
54a: Y = H











53c: R = 3-Me, X = Br
53d: R = 4-Me, X = I
53e: R = 5-Me, X = I
53f: R = 6-Me, X = Br
53i: R = H, X = I  
Scheme 12. Reagents and conditions: (a) Pd2(dba)3, 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos), 
Cs2CO3, 1,4-dioxane; (b) FeCl3•6H2O, N2H4•H2O, activated carbon, EtOH, H2O; (c) POCl3, 2.0–63% (3 steps); (d) 









59j: R = (S)-Ph
59k: R = (R)-Ph
59l: R = (S)-Me
44j: R = (S)-Ph
44k: R = (R)-Ph
44l: R = (S)-Me
58j: R = (S)-Ph
58k: R = (R)-Ph




57j: R = (S)-Ph
57k: R = (R)-Ph
57l: R = (S)-Me  
Scheme 13. Reagents and conditions: (a) THF, quant.; (b) FeCl3•6H2O, N2H4•H2O, activated carbon, EtOH, H2O; 









45a: R = H, X = CH, Y = N, Z = CMe
45b: R = H, X = N, Y = CH, Z = CMe
45c: R = H, X = N, Y = CMe, Z = N
45d: R = Me, X = N, Y = CMe, Z = N
c, d or e
60a: X = CH, Y = N, Z = CMe
60b: X = N, Y = CH, Z = CMe
60c: X = N, Y = CMe, Z = N
61a: X = CH, Y = N, Z = CMe
61b: X = N, Y = CH, Z = CMe
61c: X = N, Y = CMe, Z = N
 
Scheme 14. Reagents and conditions: (a) NaCN, DMF, H2O; (b) aq. NaOH, 1,4-dioxane, 40–81% (2 steps).; (c) 
51a, WSC•HCl, HOBt, DIPEA, DMF 53%; (d) 51a, HATU, DIPEA, DMF, 71%; (e) 51a or 59l, WSC•HCl, HOBt, 
DMF, 55–68%.  
 
 
第三節 PDE10A阻害活性および P-gp基質性の評価結果ならびに考察 
 
第二節で合成した化合物の PDE10A 阻害活性は、第一章で述べた方法により評価した。化合物の P-gp
基質性はヒト P-gp 遺伝子である MDR1を導入した LLC-PK1細胞を用いて化合物の細胞輸送能を評価し
た。P-gpへの輸送能をコントロールの細胞(WT)と比較した値である NERが2.0以上を示す化合物を P-gp
基質性があるものとして定義した。また、Pint はコントロールの細胞(WT)での評価化合物の apical 側か
ら basal 側への輸送と basal 側から apical 側への透過性の平均値を示す値である。pH7.4での評価である
ため、血中−脳間での膜透過性の指標として用いることとした。 
 最初にピリミドインダゾール母核を Tyr693 との水素結合を保つと想定される他のヘテロ環への変換
を行い、その活性評価を行った(Table 11)。2-アミノキノリン誘導体 43aは IC50 = 294 nMの PDE10A阻
害活性を示した。この化合物 43aはＸ線結晶構造解析により、PDE10Aタンパクとの結合様式が化合物
42 と同様であることが確認できた(Figure 27)。キノキサリン誘導体 43bとキナゾリン誘導体 43cは著し
く活性が低下した一方、ベンゾイミダゾール誘導体 43dと 43eは 43aに比べて高い PDE10A阻害活性
を示した。 
 脳内移行性の観点からは HBD の数は少ない方が良いため、ベンゾイミダゾール上 NH 基を置換する
こととした。2,3-ジヒドロ-1H-イミダゾ[1,2-a]ベンゾイミダゾール誘導体 43fは化合物 43d と同程度の
PDE10A阻害活性を示した。化合物 43f (Pint = 19.2 x 10-6 cm/sec)は化合物 36a (Pint = 3.2 x 10-6 cm/sec)より
も良好な膜透過性を示したが、高い P-gp基質性を有していることがわかった (NER = 3.6)。一方、構造
46 
 
の固定化による阻害活性の向上を図り、リンカー上にカルボニル基を導入した 44a (Pint = 16.8 x 10-6 
cm/sec)では、43f と同程度の膜透過性を持ちつつも、2 倍以上高い阻害活性を示した。さらに、まだ改
善の必要はあるが、化合物 44a (NER = 2.3)は化合物 43f (NER = 3.6)に比べて低い P-gp基質性を示し
た。これはアミノ基からアミド基への変換により rotatable bond数が減少した、もしくは 2,3-ジヒドロ-
イミダゾ[1,2-a]ベンゾイミダゾール環上の塩基性が低減したため (pKa values calculated by ACD/Percepta; 





Table 11. PDE10A inhibitory activity and P-gp net efflux ratio of heterocycles 
 
Compds R PDE10A IC50 
(nM) 
P-gp NER Pint  
(x 10-6 cm/sec) 
36a 
 
2.0 1.8 3.2 
36e 
 
78 NT NT  
43a 
 
294 NT NT  
43b 
 
1219 NT NT  
43c 
 
2083 NT NT  
43d 
 
105 NT NT  
43e 
 
88 NT NT  
43f 
 
138 3.6 19.2 
44a 
 






Figure 27. Crystal structure of compound 43a (green) bound to PDE10A (PDB code: 6KDX). 
 
 阻害活性向上を目指し、イミダゾ[1,2-a]ベンゾイミダゾール環上の置換基変換を行った(Table 12)。ま
ず、化合物 44aの 2,3-ジヒドロ-1H-イミダゾ[1,2-a]ベンゾイミダゾールを 1,2,3,4-テトラヒドロピリミド
[1,2-a]ベンゾイミダゾール 44bへ変換したところ、PDE10A 阻害活性が 28倍程度減弱した。そのた
め、2,3-ジヒドロ-1H-イミダゾ[1,2-a]ベンゾイミダゾール環からさらに最適化することとした。 
 活性向上を目指して 2,3-ジヒドロ-1H-イミダゾ[1,2-a]ベンゾイミダゾール骨格のフェニレン環上にメ
チル基の導入を行ったが、残念ながらいずれも阻害活性が低減した(44c, 44d, 44e and 44f)。この結果か
















りも 2倍程度阻害活性が向上した。化合物 44lと PDE10A タンパクとの X 線結晶構造解析の結果か
ら、イミダゾ[1,2-a]ベンゾイミダゾール部の 9位窒素原子が Tyr693 と水素結合を形成していることが
分かった(Figure 28)。また、(S)-メチル基は Gly725 と van der Waals相互作用を形成しており、このこと
が阻害活性向上をもたらしたと考えられる。PDE10A阻害活性の向上は達成したものの、化合物 44lは
依然として高い P-gp基質性を示していた(NER = 2.4)。本課題を解決すべく、続いてトリアゾロピリミ
ジン環の最適化を行うこととした。 
 
Table 12. PDE10A inhibitory activity and P-gp net efflux ratio of heterocycles 
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Figure 28. Crystal structure of compound 44l (magenta) bound to PDE10A (PDB code: 6KE0). 
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 P-gp 基質性にはヘテロ原子の数や位置が関連するとの報告がある 65。そこで、P-gp基質性低減のた
めにトリアゾロピリミジン環上窒素原子の数や位置の変換を行うこととした(Table 13)。イミダゾピリ
ミジン環 45aやトリアゾロピリジン環 45b への変換は、P-gp基質性が改善したものの PDE10A 阻害活
性の低下をもたらした。このことからトリアゾロピリミジン環上の 1位および 4位窒素原子は阻害活
性だけでなく P-gp基質性の発現にも重要であることがわかった。4位窒素原子を除去した 45bの方が
45a よりも阻害活性の減弱度合いが少なかったことに着目し、窒素原子を 4位から 5位に、メチル基を
5 位から 4位に移動させたトリアゾロピラジン環 45cを合成したところ、44aの PDE10A阻害活性を保
持しながら P-gp基質性を回避できることが明らかとなった。2,3-ジヒドロ-1H-イミダゾ[1,2-a]ベンゾイ


































第四節 マウス行動薬理モデルにおける in vivo薬効評価および PK評価 
 




た。次に、45dをマウスに 0.1mg/kg の用量で経口投与後の脳内濃度を調べた結果、Table 14に示すよう
に良好な脳内移行性を示した(Kp,brain = 2.3)。 
 
PDE10A IC50: 8.4 nM 
logD7.4: 2.0  
Solubility a:  100 μM 
CYP inhibition (1A2, 2C8, 2C9, 2C19, 2D6, 3A4); residual activity: 98%, 99%, 96%, 90%, 102%, 90% 
CLint (mL/min/kg) (human, mouse): No Dep., 175.3 
P-gp NER: 1.2  
Pint: 27.5 x 10-6 cm/sec 
 
Figure 29. Profiles of compound 45d. 
a Aqueous solubility in the Japanese Pharmacopoeia 2nd fluid for disintegration test (JP2; pH = 6.8). 
 
 
Table 14. Plasma and brain concentration of 45d at 1 h after oral administration to mice 
 
Dose (mg/kg) Plasma (ng/mL) Brain (ng/g) Kp,brain a 
0.1 0.91 2.2 2.3 
a Average value of individual Kp (brain/plasma) (n=3). 
 
そこで、統合失調症の陽性症状のモデルであるフェンサイクリジン（PCP）誘発マウス過活動の系を
用いて、45d の in vivo薬効を検証した（Figure 30）。その結果、45d を経口投与することにより投与量
依存的にマウスの過活動が抑制されることがわかった。また Y 字型迷路試験では、NMDA 受容体の非














た。45d を 0.1 mg/kg および 0.3 mg/kg 経口投与することにより、MK-801による交替率低下を有意に改

































Figure 30. Effect of oral administration of 45d on 
PCP-induced hyperlocomotion in mice. PCP was 
administered subcutaneously (s.c.). The data represent 
the mean ± SEM: ### p <0.001 versus normal group 
(Student’s t test); **p < 0.01 vs control, *p < 0.05 vs 
control (Dunnett’s test). 
Figure 31. Effect of 45d on MK-801-induced 
disruption of spontaneous alternation behavior in mice. 
Data represent the mean  S.E.M. alternation rate in 
mice. ##p < 0.01 vs normal group (Student’s t-test); 
**p < 0.01 vs control, *p < 0.05 vs control (Dunnett’s 
test). N: normal (vehicle/saline-treated group), C: 
control (vehicle/MK801-treated group). 
Figure 32. The influence of 45d on 
catalepsy in mice. Catalepsy was 
measured for a period of 120 sec. Data 








を持たない PDE10A 阻害剤をデザインすることにした。化合物36a の水酸基の変換では活性が減弱する
ことが分かっていたため、ピリミド[1,2-b]インダゾール構造の母核を変換した。その結果、HBDを有さ
ない2,3-ジヒドロ-1H-イミダゾ[1,2-a]ベンゾイミダゾール誘導体44a が中程度の in vitro 活性を有し、良
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Figure 34. HTSヒット化合物 1から化合物 5b 創出に至る経緯 
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第二章では、新たな母核構造の取得を目指して FBDD を試みた。PDE10A タンパクの X線結晶構造解
析から得られたフラグメントヒット化合物33に対して、in vitro 活性の向上を目的に、その SAR 探索を
行った(Figure 35)。PDE10A タンパクの構造情報を参考にしながら catalytic pocketへの伸張を試み、トリ
アゾロピリミジンの導入を行った。さらに、各環上への置換基の導入や変換などの構造最適化を実施し
た結果、強力な in vitro PDE10A阻害活性を有するピリミド[1,2-b]インダゾール誘導体36aを見出した。
化合物36aは CYP3A4阻害作用を示さず、良好な代謝安定性を示した。 
               36a
hPDE10A IC
50
 : 2.0 nM
hCL
int
 : No depletion
CYP3A4 inhibition;
residual activity : 94%
Fragment hit 33
95.9 % inhibition at 10  M 
FBDD
 
Figure 35. フラグメントヒット 33から化合物 36a創出の概要 
 




らに、阻害活性の向上と P-gp 基質性の回避を目指し、置換基の導入・変換などを行った。特に P-gp 基
質性の回避のために、44a のトリアゾロピリミジン環上のヘテロ原子の数や位置の変換を行い、トリア
ゾロピラジン環45c への変換により、阻害活性を保持しながら P-gp 基質性が回避できることを見出し
た。結果として、P-gp 基質性を回避しつつ、強力な PDE10A 阻害活性を示す化合物45d を創出した。ま
た、化合物45dはマウスにおける良好な中枢移行性を示すことが確認できた。この化合物45dは NMDA
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Figure 36. 中枢移行性向上を指向した 36aの構造最適化による 45d 創出の経緯 
 













 1H NMR spectra were recorded on a Varian VNS-400, JEOL JNM-LA400, JEOL JNM-AL400, Varian 400-MR, 
or BRUKER AV-III HD500, and the chemical shifts were expressed in δ (ppm) values with tetramethylsilane as an 
internal reference (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m = multiplet, dd = double doublet, 
dt = double triplet, tt = triple triplet, ddd = double double doublet, and br = broad peak). Mass spectra (MS) were 
recorded on a Waters UPLC/SQD and Waters Acquity UPLC/ZQ. Elemental analyses were performed using a 
Yanaco JM10 or Yanaco MT-6 (C, H, N), Elementar Vario EL III (C, H, X), and Dionex ICS-3000 (S, halogene) 
and were within ±0.4% of theoretical values. Electrospray ionization positive high-resolution mass spectra (HRMS) 
were obtained using a Thermo EXACTIVE-Plus Waters LCT Premier. Specific rotation was obtained using Horiba 
SEPA-500 and OHM Electric OCE-TCR12075WL. Melting points were determined on a BÜCHI M-565 melting 
point apparatus and are uncorrected. Unless otherwise noted, all reagents and solvents obtained from commercial 




3-Methoxy-2-nitro-N-phenylaniline (16f)  
To a mixture of 3-bromo-2-nitroanisole (15) (3.00 g, 12.9 mmol) in toluene (30 mL) were added aniline (3.55 mL, 
38.9 mmol), tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3; 1.18 g, 1.29 mmol), 2,2’-
bis(diphenylphosphino)-1,1’-binaphthyl (BINAP; 1.20 g, 1.93 mmol) and Cs2CO3 (8.42 g, 25.8 mmol). The mixture 
was stirred at 110 °C for 24 h under an argon atmosphere. After cooling at room temperature, the mixture was 
filtered through a pad of Celite, and the filtrate was then concentrated in vacuo. The residue was purified by flash 
column chromatography (silica gel, 0–50% EtOAc in n-hexane) to give 16f (1.90 g, 60%) as an orange oil. 1H NMR 
(DMSO-d6) δ 3.85 (s, 3H), 6.77 (dd, 1H, J = 8.4, 0.9 Hz), 6.84 (dd, 1H, J = 8.4, 0.9 Hz), 6.92–7.07 (m, 3H), 7.23–
7.48 (m, 3H), 7.96 (s, 1H); MS (ESI) m/z 245 [M+H]+. 
 
4-Methyl-2-nitro-N-phenylaniline (16a)  
Compound 16a was prepared from 4-bromo-3-nitrotoluene (13) in a manner similar to that described for compound 
16f, with a yield of 97% as a red oil. 1H NMR (DMSO-d6) δ 2.27 (s, 3H), 7.13–7.17 (m, 2H), 7.27–7.47 (m, 5H), 
7.92 (dd, 1H, J = 1.8, 0.8 Hz), 9.21 (s, 1H); MS (ESI) m/z 229 [M+H]+. 
 
4-Methoxy-2-nitro-N-phenylaniline (16b) 
Compound 16b was prepared from 4-bromo-3-nitroanisole (14) in a manner similar to that described for compound 
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16f, with a yield of 80% as an orange solid. 1H NMR (CDCl3) δ 3.83 (s, 3H), 6.98–7.64 (m, 8H), 9.33 (s, 1H); MS 
(ESI) m/z 245 [M+H]+. 
 
N-(4-Methoxy-2-nitrophenyl)pyridin-2-amine (16c) 
Compound 16c was prepared from 14 and pyridin-2-amine in a manner similar to that described for compound 16f, 
with a yield of 33% as a red oil. 1H NMR (CDCl3) δ 3.85 (s, 3H), 6.88–6.92 (m, 2H), 7.22 (dd, 1H, J = 9.4, 3.1 Hz), 
7.60 (ddd, 1H, J = 8.7, 7.4, 2.0 Hz), 7.67 (d, 1H, J = 3.1 Hz), 8.29–8.31 (m, 1H), 8.69 (d, 1H, J = 9.4 Hz), 9.92 (s, 
1H); MS (ESI) m/z 246 [M+H]+. 
 
N-(4-Methoxy-2-nitrophenyl)pyridin-3-amine (16d) 
Compound 16d was prepared from 14 and pyridin-3-amine in a manner similar to that described for compound 16f, 
with a yield of 64% as a red solid. 1H NMR (DMSO-d6) δ 3.81 (s, 3H), 7.25 (s, 1H), 7.26 (s, 1H), 7.34 (ddd, 1H, J 
= 7.6, 4.7, 0.7 Hz), 7.56–7.59 (m, 2H), 8.25 (dd, 1H, J = 4.7, 1.5 Hz), 8.46 (d, 1H, J = 2.2 Hz), 8.97 (s, 1H); MS 
(ESI) m/z 246 [M+H]+. 
 
N-(4-Methoxy-2-nitrophenyl)pyridin-4-amine (16e) 
Compound 16e was prepared from 14 and pyridin-4-amine in a manner similar to that described for compound 16f, 
with a yield of 44% as a red oil. 1H NMR (DMSO-d6) δ 3.85 (s, 3H), 6.81 (dd, 2H, J = 4.8, 1.6 Hz), 7.32 (dd, 1H, J 
= 9.0, 3.0 Hz), 7.51 (d, 1H, J = 9.0 Hz), 7.58 (d, 1H, J = 3.0 Hz), 8.20 (dd, 2H, J = 4.8, 1.6 Hz), 8.77 (s, 1H); MS 
(ESI) m/z 246 [M+H]+. 
 
3-Methoxy-N1-phenylbenzene-1,2-diamine dihydrochloride (17f) 
To a solution of 16f (3.19 g, 13.1 mmol) in EtOH (20 mL) was added 10% Pd(OH)2-C (183 mg, 0.26 mmol). The 
mixture was stirred at room temperature for 24 h under a hydrogen atmosphere. The reaction mixture was filtered 
through a pad of Celite, and the filtrate was concentrated in vacuo and diluted with 4 M HCl in EtOAc (10mL, 40.0 
mmol) to give 17f (2.97 g, 79%) as a purple solid. 1H NMR (DMSO-d6) δ 3.88 (s, 2H), 3.89 (s, 3H), 8.08–8.25 (m, 
8H), 9.57 (s, 1H); MS (ESI) m/z 215 [M+H]+. 
 
4-Methyl-N1-phenylbenzene-1,2-diamine dihydrochloride (17a) 
Compound 17a was prepared from 16a in a manner similar to that described for compound 17f, with a yield of 49% 
as a purple solid. 1H NMR (DMSO-d6) δ 2.26 (s, 3H), 3.46 (br-s, 3H), 6.78 (tt, 1H, J = 7.2, 1.0 Hz), 6.84 (dd, 2H, J 




4-Methoxy-N1-phenylbenzene-1,2-diamine dihydrochloride (17b) 
Compound 17b was prepared from 16b in a manner similar to that described for compound 17f, with a yield of 63% 
as a purple solid. 1H NMR (DMSO-d6) δ 3.73 (s, 3H), 6.69–6.72 (m, 4H), 6.79 (d, 1H, J = 2.6 Hz), 7.12–7.18 (m, 
3H); MS (ESI) m/z 215 [M+H]+. 
 
4-Methoxy-N1-(pyridin-2-yl)benzene-1,2-diamine dihydrochloride (17c) 
Compound 17c was prepared from 16c in a manner similar to that described for compound 17f, with a yield of 14% 
as a brown solid. 1H NMR (DMSO-d6) δ 3.73 (s, 3H), 6.38 (dd, 1H, J = 8.7, 2.8 Hz), 6.56 (d, 1H, J = 2.8 Hz), 6.92–
7.09 (m, 2H), 7.89 (d, 1H, J = 6.1 Hz), 7.96 (ddd, 1H, J = 8.7, 7.0, 1.7 Hz), 10.15 (s, 1H); MS (ESI) m/z 216 [M+H]+. 
 
4-Methoxy-N1-(pyridin-3-yl)benzene-1,2-diamine dihydrochloride (17d) 
Compound 17d was prepared from 16d in a manner similar to that described for compound 17f, with a yield of 64% 
as a brown solid. 1H NMR (DMSO-d6) δ 3.71 (s, 3H), 3.82–4.15 (br-s, 2H), 6.27 (dd, 1H, J = 8.6, 2.8 Hz), 6.45 (d, 
1H, J = 2.8 Hz), 7.50 (ddd, 1H, J = 7.7, 2.8, 1.1 Hz), 7.72 (dd, 1H, J = 8.6, 5.3 Hz), 7.81 (d, 1H, J = 2.8 Hz), 8.07 
(d, 1H, J = 5.3 Hz), 8.54 (s, 1H); MS (ESI) m/z 216 [M+H]+. 
 
4-Methoxy-N1-(pyridin-4-yl)benzene-1,2-diamine dihydrochloride (17e) 
Compound 17e was prepared from 16e in a manner similar to that described for compound 17f, with a yield of 37% 
as a brown solid. 1H NMR (DMSO-d6) δ 3.34–3.57 (br-s, 2H), 3.70 (s, 3H), 6.21 (dd, 1H, J = 8.8, 2.8 Hz), 6.40 (d, 
1H, J = 2.8 Hz), 6.91 (d, 1H, J = 8.6 Hz), 7.07 (s, 1H), 8.08–8.25 (m, 2H), 9.78 (s, 1H), 13.38 (s, 1H); MS (ESI) 
m/z 216 [M+H]+. 
 
Ethyl 3-(1-methyl-2-oxo-1,2-dihydro-3H-imidazo[4,5-b]pyridin-3-yl)propanoate (19) 
To a stirred mixture of 18 (5.25 g, 35.2 mmol) in acetonitrile (100 mL) were added ethyl acrylate (7.65 mL, 70.4 
mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU; 2.63 mL, 17.6 mmol). The mixture was stirred at 50 °C for 
12 h. The reaction mixture was concentrated in vacuo, and the residue was purified by flash column chromatography 
(silica gel, 0–5% MeOH in CHCl3) to give 19 (5.72 g, 65%) as a pale yellow oil. 1H NMR (DMSO-d6) δ 1.10 (t, 
3H, J = 7.1 Hz), 2.77 (t, 2H, J = 7.2 Hz), 3.34 (s, 3H), 4.00 (t, 2H, J = 7.1 Hz), 4.11 (t, 2H, J = 7.2 Hz), 7.08 (dd, 
1H, J = 7.7, 5.2 Hz), 7.49 (dd, 1H, J = 7.7, 1.4 Hz), 7.98 (dd, 1H, J = 5.2, 1.4 Hz); MS (ESI) m/z 250 [M+H]+. 
 
3-(1-Methyl-2-oxo-1,2-dihydro-3H-imidazo[4,5-b]pyridin-3-yl)propanoic acid (20) 
To a solution of 19 (4.18 g, 16.7 mmol) in EtOH (50 mL) was added 1 M NaOH aqueous solution (30 mL, 30.0 
mmol), and the mixture was stirred at room temperature for 2 h. The resulting mixture was concentrated in vacuo. 
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The residue was neutralized with 1 M HCl aqueous solution (30mL). The resulting precipitate was collected by 
filtration and washed with water. The solid was dried in vacuo to give 20 (3.67 g, 99%) as a colorless solid. 1H NMR 
(DMSO-d6) δ 2.68 (t, 2H, J = 7.5 Hz), 3.05–3.52 (br-s, 1H), 3.33 (s, 3H), 4.06 (t, 2H, J = 7.5 Hz), 7.07 (dd, 1H, J = 
7.7, 5.2 Hz), 7.47 (dd, 1H, J = 7.7, 1.3 Hz), 7.98 (dd, 1H, J = 5.2, 1.3 Hz); MS (ESI) m/z 222 [M+H]+. 
 
3-[2-(4-Methoxy-1-phenyl-1H-benzimidazol-2-yl)ethyl]-1-methyl-1,3-dihydro-2H-imidazo[4,5-b]pyridin-2-
one dihydrochloride (3f) 
To a suspension of 17f (250 mg, 0.871 mmol) in CH2Cl2 (5 mL) were added 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU; 500 mg, 1.32 mmol), N,N-
diisopropylethylamine (DIPEA, 600 µL, 3.51 mmol), and 20 (200 mg, 0.904 mmol), and the mixture was stirred at 
room temperature for 12 h. The mixture was diluted with saturated NaHCO3 aqueous solution and extracted with 
CHCl3. The organic layer was washed with brine, dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. 
To the residue was added AcOH (5 mL), and the mixture was stirred at 100 °C for 24 h. The resulting mixture was 
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel, 0–10% MeOH in 
CHCl3) to give the free form of the title compound, which was dissolved in EtOAc (2.5 mL), and 4 M HCl in EtOAc 
(0.218 mL, 0.870 mmol) was added to the solution. The mixture was concentrated in vacuo to give 3f (87.0 mg, 
21%) as a colorless solid. 1H NMR (DMSO-d6) δ 3.25 (s, 3H), 3.40 (t, 2H, J = 6.5 Hz), 4.04 (s, 3H), 4.21 (t, 2H, J 
= 6.5 Hz), 6.81 (d, 1H, J = 7.9 Hz), 7.00 (dd, 1H, J = 7.7, 5.2 Hz), 7.13 (d, 1H, J = 8.1 Hz), 7.38–7.46 (m, 4H), 
7.58–7.60 (m, 3H), 7.67 (dd, 1H, J = 5.2, 1.3 Hz); 13C NMR (DMSO-d6) δ 25.60, 27.22, 37.69, 56.91, 104.76, 
107.63, 114.82, 117.67, 124.70, 127.13, 127.13, 127.76, 130.75, 130.75, 131.06, 132.45, 135.04, 140.03, 140.03, 
142.67, 147.82, 151.67, 153.05; MS (ESI) m/z 400 [M+H]+; HRMS (ESI) calcd for C23H22N5O2 [M+H]+ 400.1773; 
found, 400.1779; Anal. Calcd for C23H21N5O2·2.3HCl·3.1H2O: C, 51.24; H, 5.52; N, 12.99; Cl, 15.12. Found: C, 
51.07; H, 5.69; N, 12.85; Cl, 14.92. 
 
1-Methyl-3-[2-(5-methyl-1-phenyl-1H-benzimidazol-2-yl)ethyl]-1,3-dihydro-2H-imidazo[4,5-b]pyridin-2-
one dihydrochloride (3a) 
Compound 3a was prepared from 17a in a manner similar to that described for compound 3f, with a yield of 99% 
as a colorless solid. 1H NMR (DMSO-d6) δ 2.50 (s, 3H), 3.24 (s, 3H), 3.50 (t, 2H, J = 6.3 Hz), 4.23 (t, 2H, J = 6.3 
Hz), 6.98 (dd, 1H, J = 7.7, 5.3 Hz), 7.19 (d, 1H, J = 8.4 Hz), 7.35 (dd, 1H, J = 8.4, 1.0 Hz), 7.40–7.45 (m, 3H), 
7.57–7.60 (m, 3H), 7.62 (dd, 1H, J = 5.3, 1.3 Hz), 7.67–7.68 (m, 1H); 13C NMR (DMSO-d6) δ 20.39, 24.49, 26.15, 
36.61, 111.39, 113.09, 113.77, 116.60, 123.65, 126.00, 126.00, 127.12, 129.67, 129.67, 129.78, 129.98, 130.45, 
131.14, 136.02, 138.88, 141.52, 150.63, 151.92; MS (ESI) m/z 384 [M+H]+ Anal. Calcd for 
C23H21N5O·2.6HCl·0.8H2O: C, 56.07; H, 5.16; N, 14.22; Cl, 18.71. Found: C, 56.01; H, 5.00; N, 14.12; Cl, 18.48; 
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To a mixture of 17b (390 mg, 1.36 mmol) in CH2Cl2 (6 mL) were added HATU (770 mg, 1.49 mmol), DIPEA (930 
µL, 5.43 mmol), and 20 (300 mg, 1.36 mmol), and the mixture was stirred at room temperature for 18 h. The mixture 
was diluted with saturated NaHCO3 aqueous solution and extracted with CHCl3. The organic layer was washed with 
brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. To the residue was added AcOH (6 mL), 
and the mixture was stirred at 100 °C for 8 h. The resulting mixture was concentrated in vacuo, and the residue was 
purified by flash column chromatography (silica gel, 0–10% MeOH in CHCl3). The residue was washed with EtOAc 
to give 3b (213 mg, 39%) as a purple solid. 1H NMR (DMSO-d6) δ 3.21 (t, 2H, J = 7.4 Hz), 3.27 (s, 3H), 3.79 (s, 
3H), 4.24 (t, 2H, J = 7.4 Hz), 6.81 (dd, 1H, J = 8.8, 2.4 Hz), 6.97 (d, 1H, J = 8.8 Hz), 7.02 (dd, 1H, J = 7.7, 5.3 Hz), 
7.19 (d, 1H, J = 2.4 Hz), 7.39–7.56 (m, 6H), 7.86 (dd, 1H, J = 5.3, 1.4 Hz); 13C NMR (DMSO-d6) δ 26.52, 27.13, 
38.18, 56.04, 102.09, 110.72, 112.38, 114.40, 117.36, 124.69, 127.23, 127.23, 129.08, 130.31, 130.31, 130.99, 
135.56, 140.18, 143.08, 143.37, 152.33, 153.25, 156.22; MS (ESI) m/z 400 [M+H]+ Anal. Calcd for 




To a suspension of 17c (390 mg, 1.36 mmol) in CH2Cl2 (6 mL) were added HATU (770 mg, 1.49 mmol), DIPEA 
(930 µL, 5.43 mmol), and 20 (300 mg, 1.36 mmol), and the mixture was stirred at room temperature for 18 h. The 
mixture was diluted with saturated NaHCO3 aqueous solution and extracted with CHCl3. The organic layer was 
washed with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. To the residue was added 
AcOH (6 mL), and the mixture was stirred at 130 °C for 48 h. The resulting mixture was concentrated in vacuo. 
The residue was purified by flash column chromatography (NH silica gel, 0–10% MeOH in CHCl3) to give 3c (120 
mg, 22%) as a colorless solid. 1H NMR (DMSO-d6) δ 3.26 (s, 3H), 3.42 (t, 2H, J = 7.2 Hz), 3.81 (s, 3H), 4.26 (t, 
2H, J = 7.2 Hz), 6.85 (dd, 1H, J = 8.8, 2.4 Hz), 7.02 (dd, 1H, J = 7.7, 2.4 Hz), 7.21 (d, 1H, J = 2.4 Hz), 7.25 (d, 1H, 
J = 8.8 Hz), 7.39–7.44 (m, 2H), 7.49 (dt, 1H, J = 8.1, 0.7 Hz), 7.86 (dd, 1H, J = 5.2, 1.3 Hz), 8.00 (td, 1H, J = 7.7, 
2.0 Hz), 8.52 (ddd, 1H, J = 5.2, 2.0, 1.1 Hz); 13C NMR (DMSO-d6) δ 26.04, 26.15, 37.35, 54.93, 101.27, 110.29, 
111.46, 113.27, 116.27, 119.14, 122.60, 123.58, 128.35, 138.81, 139.11, 141.99, 142.59, 147.95, 148.87, 151.35, 
152.13, 155.30; MS (ESI) m/z 401 [M+H]+; HRMS (ESI) calcd for C22H21N6O2 [M+H]+ 401.1726; found, 401.1725; 






Compound 3d was prepared from 17d in a manner similar to that described for compound 3c, with a yield of 25% 
as a beige solid. 1H NMR (DMSO-d6) δ 3.23 (t, 2H, J = 7.2 Hz), 3.26 (s, 3H), 3.79 (s, 3H), 4.22 (t, 2H, J = 7.2 Hz), 
6.83 (dd, 1H, J = 8.8, 2.3 Hz), 6.99–7.04 (m, 2H), 7.21 (d, 1H, J = 2.3 Hz), 7.42 (dd, 1H, J = 7.9, 1.2 Hz), 7.57 (dd, 
1H, J = 7.9, 4.8 Hz), 7.85 (dd, 1H, J = 5.2, 1.2 Hz), 7.91–7.95 (m, 1H), 8.65–8.67 (m, 2H); 13C NMR (DMSO-d6) 
δ 26.46, 27.14, 38.18, 56.06, 102.32, 110.56, 112.55, 114.46, 117.39, 124.63, 125.03, 131.02, 132.51, 135.14, 140.20, 
143.02, 143.68, 148.08, 150.03, 152.54, 153.22, 156.37; MS (ESI) m/z 401 [M+H]+; HRMS (ESI) calcd for 
C22H21N6O2 [M+H]+  401.1726; found, 401.1733; Anal. Calcd for C22H20N6O2·0.4H2O: C, 64.82; H, 5.14; N, 




Compound 3e was prepared from 17e in a manner similar to that described for compound 3b, with a yield of 23% 
as a colorless solid. 1H NMR (DMSO-d6) δ 2.26 (s, 3H), 3.32 (t, 2H, J = 7.4 Hz), 3.80 (s, 3H), 4.23 (t, 2H, J = 7.4 
Hz), 6.85 (dd, 1H, J = 7.8, 2.5 Hz), 7.02 (dd, 1H, J = 7.8, 2.5 Hz), 7.14 (d, 1H, J = 8.9 Hz), 7.22 (d, 1H, J = 2.5 Hz), 
7.42 (dd, 1H, J = 7.8, 1.4 Hz), 7.49 (dd, 2H, J = 4.4, 1.6 Hz), 7.85 (dd, 1H, J = 5.2, 1.4 Hz), 8.70 (dd, 2H, J = 4.4, 
1.6 Hz); 13C NMR (DMSO-d6) δ 26.69, 27.11, 38.23, 56.05, 102.41, 110.86, 112.69, 114.45, 117.43, 121.41, 121.41, 
124.61, 129.81, 140.19, 143.00, 143.03, 143.85, 151.91, 151.91, 152.03, 153.19, 156.51; MS (ESI) m/z 401 [M+H]+; 
HRMS (ESI) calcd for C22H21N6O2 [M+H]+ 401.1726; found, 401.1716; Anal. Calcd for C22H20N6O2·0.3H2O: C, 
65.11; H, 5.12; N, 20.71. Found: C, 65.12; H, 5.11; N, 20.52. 
 
Methyl 3-(5-methyl-1-phenyl-1H-benzimidazol-2-yl)propanoate (6) 
To a mixture of 17a (2.18 g, 8.05 mmol) in CH2Cl2 (33 mL) were added HATU (4.59 g, 12.1 mmol), DIPEA (5.50 
mL, 32.2 mmol) and 4-methoxy-4-oxobutanoic acid (1.12 g, 8.45 mmol). The mixture was stirred at room 
temperature for 12 h. The resulting mixture was diluted with saturated NaHCO3 aqueous solution and extracted with 
CHCl3. The organic layer was washed with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 
To the residue was added AcOH (44 mL). The mixture was stirred at 90 °C for 24 h. The reaction mixture was 
concentrated in vacuo. The residue was diluted with saturated NaHCO3 aqueous solution and extracted with CHCl3. 
The organic layer was washed with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The 
residue was purified by flash column chromatography (silica gel, 0–5% MeOH in CHCl3) to give 6 (2.23 g, 96%) 
as a colorless solid. 1H NMR (DMSO-d6) δ 2.41 (s, 3H), 2.86–2.90 (m, 2H), 2.93–2.97 (m, 2H), 3.56 (s, 3H), 6.98 





3-(5-Methyl-1-phenyl-1H-benzimidazol-2-yl)propanoic acid (7) 
To a mixture of 6 (2.17 g, 7.37 mmol) in EtOH (22 mL) was added 1 M NaOH aqueous solution (15 mL, 15.0 
mmol), and the mixture was stirred at room temperature for 20 h. The resulting mixture was concentrated in vacuo. 
The residue was neutralized with 1 M HCl aqueous solution (13 mL). The resulting precipitate was collected by 
filtration and washed with water. The solid was dried in vacuo to give 7 (1.67 g, 81%) as a colorless solid. 1H NMR 
(DMSO-d6) δ 2.41 (s, 3H), 2.79 (t, 2H, J = 7.0 Hz), 2.91 (t, 2H, J = 7.0 Hz), 6.97–7.02 (m, 2H), 7.03–7.67 (m, 6H), 
12.17 (s, 1H); MS (ESI) m/z 281 [M+H]+. 
 
5-Methyl-2-[2-(1-methylimidazo[1,5-a]pyridin-3-yl)ethyl]-1-phenyl-1H-benzimidazole (2a) 
To a mixture of 7 (336 mg, 1.20 mmol) in EtOAc (10 mL) were added propylphosphonic anhydride (T3P; 1.7 M 
solution in EtOAc; 1.96 mL, 3.35 mmol) and 8a (161 mg, 1.32 mmol) at room temperature, and the mixture was 
stirred at 80 °C for 12 h. The mixture was diluted with saturated NaHCO3 aqueous solution and extracted with 
EtOAc. The organic layer was washed with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 
The residue was purified by flash column chromatography (silica gel, 0–5% MeOH in CHCl3). The product was 
recrystallized from EtOAc/n-hexane to give 2a (160 mg, 36%) as a beige solid. 1H NMR (DMSO-d6) δ 2.30 (s, 3H), 
2.41 (s, 3H), 3.22 (dd, 2H, J = 8.3, 6.8 Hz), 3.40 (dd, 2H, J = 8.3, 6.8 Hz), 6.48 (ddd, 1H, J = 6.2, 4.2, 1.1 Hz), 6.56 
(dd, 1H, J = 9.2, 5.9 Hz), 6.96–7.02 (m, 2H), 7.38–7.63 (m, 7H), 7.92 (d, 1H, J = 7.2 Hz); 13C NMR (DMSO-d6) δ 
12.70, 21.61, 24.05, 25.20, 109.85, 112.00, 116.63, 118.08, 118.93, 121.65, 124.23, 125.97, 126.52, 127.56, 127.56, 
129.17, 130.43, 130.43, 131.46, 134.76, 135.95, 136.01, 143.04, 154.27; MS (ESI) m/z 367 [M+H]+; HRMS (ESI) 
calcd for C24H23N4 [M+H]+ 367.1923; found, 367.1928; Anal. Calcd for C24H22N4·H2O: C, 74.97; H, 6.29; N, 14.57. 
Found: C, 74.74; H, 6.29; N, 14.54. 
 
2-[2-(Imidazo[1,5-a]pyridin-3-yl)ethyl]-5-methyl-1-phenyl-1H-benzimidazole (2b) 
Compound 2b was prepared from 7 and 8b in a manner similar to that described for compound 2a, with a yield of 
33% as a beige solid. 1H NMR (DMSO-d6) δ 2.41 (s, 3H), 3.26 (dd, 2H, J = 9.0, 4.8 Hz), 3.46 (dd, 2H, J = 9.0, 4.8 
Hz), 6.59 (ddd, 1H, J = 7.2, 6.3, 1.2 Hz), 6.70 (ddd, 1H, J = 9.2, 6.3, 0.7 Hz), 6.96–7.02 (m, 2H), 7.20 (d, 1H, J = 
0.7 Hz), 7.44–7.63 (m, 7H), 8.07 (dd, 1H, J = 7.2, 1.0 Hz); 13C NMR (DMSO-d6) δ 21.61, 24.04, 25.09, 109.84, 
112.35, 118.30, 118.44, 118.52, 118.93, 122.03, 124.21, 127.52, 127.52, 129.19, 130.41, 130.44, 130.44, 131.45, 
134.75, 135.95, 137.69, 143.04, 154.21; MS (ESI) m/z 353 [M+H]+; HRMS (ESI) calcd for C23H21N4 [M+H]+ 






To a mixture of 7 (336 mg, 1.20 mmol) in EtOAc (10 mL) were added propylphosphonic anhydride (1.7 M solution 
in EtOAc; 4.00 mL, 6.85 mmol) and 8c (163 mg, 1.10 mmol) at room temperature, and the mixture was stirred at 
80 oC for 24 h. The mixture was diluted with saturated NaHCO3 aqueous solution and extracted with EtOAc. The 
organic layer was washed with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The residue 
was purified by flash column chromatography (silica gel, 0–5% MeOH in CHCl3) to give the free form of the title 
compound, which was dissolved in EtOAc (10 mL), and 4 M HCl in EtOAc (1.20 mL, 4.80 mmol) was added to 
the solution. The mixture was concentrated in vacuo and the residue was triturated with 2-propanol and diisopropyl 
ether. The resulting precipitate was collected by filtration and dried in vacuo to give 2c (528 mg, 53%) as a yellow 
solid. 1H NMR (DMSO-d6) δ 1.63 (s, 3H), 1.65 (s, 3H), 2.73 (t, 2H, J = 7.3 Hz), 3.09 (t, 2H, J = 7.3 Hz), 6.25 (dd, 
1H, J = 3.8, 7.9 Hz), 6.34 (d, 1H, J = 8.5 Hz), 6.48 (dd, 1H, J = 8.5, 0.9 Hz), 6.76–6.90 (m, 6H), 7.56 (dd, 1H, J = 
3.8, 1.4 Hz), 8.26 (dd, 1H, J = 7.4, 1.4 Hz); 13C NMR (DMSO-d6) δ 9.58, 21.96, 23.84, 25.96, 111.49, 112.14, 
114.97, 116.10, 120.40, 127.54, 127.54, 130.61, 130.81, 130.81, 130.84, 131.62, 132.18, 133.02, 133.78, 136.11, 
148.74, 152.45, 172.45; MS (ESI) m/z 368 [M+H]+; Anal. Calcd for C23H21N5·2HCl·1.5H2O·0.1i-Pr2O: C, 59.35; 
H, 5.78; N, 14.85; Cl, 18.80. Found: C, 59.43; H, 5.59; N, 14.56; Cl, 18.97. 
 
7-[2-(5-Methyl-1-phenyl-1H-benzimidazol-2-yl)ethyl]imidazo[1,5-b]pyridazine (2d) 
Compound 2d was prepared from 7 and 8d in a manner similar to that described for compound 2a, with a yield of 
82% as a pale yellow solid. 1H NMR (DMSO-d6) δ 2.41 (s, 3H), 3.27 (dd, 2H, J = 8.3, 6.5 Hz), 3.52 (dd, 2H, J = 
8.3, 6.5 Hz), 6.65 (dd, 1H, J = 9.3, 4.3 Hz), 6.95–7.02 (m, 2H), 7.34 (s, 1H), 7.43–7.61 (m, 6H), 8.03 (dd, 1H, J = 
9.3, 1.5 Hz), 8.20 (dd, 1H, J = 3.0, 1.5 Hz); 13C NMR (DMSO-d6) δ 21.60, 24.11, 24.72, 109.83, 111.81, 118.98, 
119.08, 124.19, 124.81, 127.46, 127.46, 127.92, 129.12, 130.41, 130.41, 131.43, 134.73, 135.92, 140.74, 143.08, 
145.22, 154.10; MS (ESI) m/z 354 [M+H]+; HRMS (ESI) calcd for C22H20N5 [M+H]+ 354.1718; found, 354.1719; 
Anal. Calcd for C22H19N5: C, 74.77; H, 5.42; N, 19.82. Found: C, 74.56; H, 5.49; N, 19.58; mp 144 °C. 
 
5-Bromo-7-[2-(5-methyl-1-phenyl-1H-benzimidazol-2-yl)ethyl]imidazo[1,5-b]pyridazine (9) 
To a mixture of 2d (300 mg, 0.849 mmol) in MeCN (3.0 mL) was added N-bromosuccinimide (NBS; 181 mg, 1.02 
mmol) in CH2Cl2 (0.60 mL) at 0 °C, and the mixture was stirred at the same temperature for 1 h under argon 
atmosphere. The mixture was diluted with H2O and extracted with CHCl3. The organic layer was washed with 
saturated NaHCO3 aqueous solution and brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 
The residue was purified by flash column chromatography (silica gel, 0–5% MeOH in CHCl3) to give 9 (297 mg, 
81%) as a pale yellow solid. 1H NMR (DMSO-d6) δ 2.41 (s, 3H), 3.26 (dd, 2H, J = 8.3, 6.3 Hz), 3.51 (dd, 2H, J = 
68 
 
8.3, 6.3 Hz), 6.76 (dd, 1H, J = 9.3, 4.3 Hz), 6.96–7.02 (m, 2H), 7.43–7.61 (m, 6H), 7.88 (dd, 1H, J = 9.3, 1.6 Hz), 
8.26 (dd, 1H, J = 4.3, 1.6 Hz); MS (ESI) m/z 432, 434 [M+H]+. 
 
5-Methyl-7-[2-(5-methyl-1-phenyl-1H-benzimidazol-2-yl)ethyl]imidazo[1,5-b]pyridazine (2e) 
To a mixture of 9 (120 mg, 0.277 mmol) in 1,4-dioxane (2.4 mL) were added trimethylboroxine (0.116 mL, 0.833 
mmol), [1,1′-bis(diphenylphosphino)ferrocene]dichloropalladium(II) dichloromethane complex 
(PdCl2(dppf)·CH2Cl2; 68.0 mg, 83.2 µmol) and K2CO3 (230 mg, 1.66 mmol). The mixture was stirred at 90 °C for 
26 h under an argon atmosphere. After cooling at room temperature, the mixture was filtered through a pad of Celite. 
The filtrate was concentrated in vacuo, and the residue was purified by flash column chromatography (silica gel, 0–
50% MeOH in CHCl3 then NH silica gel, 0-30% EtOAc in CHCl3) to give 2e (36.0 mg, 35%) as a colorless solid. 
1H NMR (DMSO-d6) δ 2.33 (s, 3H), 2.41 (s, 3H), 3.25 (dd, 2H, J = 8.5, 5.8 Hz), 3.46 (dd, 2H, J = 8.5, 5.8 Hz), 6.50 
(dd, 1H, J = 9.2, 4.2 Hz), 6.95–7.02 (m, 2H), 7.44–7.61 (m, 6H), 8.00 (dd, 1H, J = 9.2, 1.6 Hz), 8.09 (dd, 1H, J = 
4.2, 1.6 Hz); MS (ESI) m/z 368 [M+H]+; HRMS (ESI+) calcd for C23H22N5 [M+H]+ 368.1875; found, 368.1879. 
 
Ethyl 3-(3-methyl-1H-pyrazolo[3,4-b]pyridin-1-yl)propanoate (11f) 
To a mixture of 10f (3.65 g, 27.4 mmol) in MeCN (25 mL) were added ethyl acrylate (5.97 mL, 54.9 mmol) and 
DBU (2.05 mL, 13.7 mmol), and the mixture was stirred at 50 °C for 12 h under an argon atmosphere. The mixture 
was concentrated in vacuo. The residue was purified by flash column chromatography (silica gel, 0–20% AcOEt in 
n-hexane) to give 11f (4.56 g, 71%) as a colorless oil. 1H NMR (CDCl3) δ 1.85 (t, 3H, J = 7.2 Hz), 2.56 (s, 3H), 
2.96 (t, 2H, J = 7.2 Hz), 4.12 (q, 2H, J = 7.2 Hz), 4.76 (t, 2H, J = 7.2 Hz), 7.07 (dd, 1H, J = 8.0, 4.6 Hz), 7.97 (dd, 
1H, J = 8.0, 1.6 Hz), 8.51 (dd, 1H, J = 4.6, 1.6 Hz); MS (ESI) m/z 234 [M+H]+. 
 
Ethyl 3-(2-methyl-3-oxopyrido[2,3-b]pyrazin-4(3H)-yl)propanoate (11g) 
Compound 11g was prepared from 10g in a manner similar to that described for compound 11f, with a yield of 28% 
as a yellow solid. 1H NMR (DMSO-d6) δ 1.12 (t, 3H, J = 7.1 Hz), 2.46 (s, 3H), 2.69 (t, 2H, J = 7.6 Hz), 4.02 (q, 2H, 
J = 7.1 Hz), 4.59 (t, 2H, J = 7.6 Hz), 7.43 (dd, 1H, J = 7.9, 4.7 Hz), 8.18 (dd, 1H, J = 7.9, 1.7 Hz), 8.59 (dd, 1H, J 
= 4.7, 1.7 Hz); MS (ESI) m/z 262 [M+H]+. 
 
3-(3-Methyl-1H-pyrazolo[3,4-b]pyridin-1-yl)propanoic acid (12f) 
Compound 12f was prepared from 11f in a manner similar to that described for compound 7, with a yield of 89% as 
a colorless solid. 1H NMR (DMSO-d6) δ 2.50 (s, 3H), 2.85 (t, 2H, J = 7.0 Hz), 4.58 (t, 2H, J = 7.0 Hz), 7.17 (dd, 




3-(2-Methyl-3-oxopyrido[2,3-b]pyrazin-4(3H)-yl)propanoic acid (12g) 
Compound 12g was prepared from 11g in a manner similar to that described for compound 7, with a yield of 79% 
as a pale yellow solid. 1H NMR (DMSO-d6) δ 2.46 (s, 3H), 2.60–2.64 (m, 2H), 4.53–4.57 (m, 2H), 7.42 (dd, 1H, J 





Compound 2f was prepared from 17a and 12f in a manner similar to that described for compound 3f, with a yield 
of 91% as an off-white solid. 1H NMR (DMSO-d6) δ 2.36 (s, 3H), 2.51 (s, 3H), 3.58 (t, 2H, J = 6.5 Hz), 4.84 (t, 2H, 
J = 6.5 Hz), 7.12 (dd, 1H, J = 8.0, 4.6 Hz), 7.17 (d, 1H, J = 8.5 Hz), 7.30–7.36 (m, 3H), 7.56–7.65 (m, 3H), 7.70 (t, 
1H, J = 0.7 Hz), 8.17 (dd, 1H, J = 8.0, 1.5 Hz), 8.26 (dd, 1H, J = 4.5, 1.5 Hz); 13C NMR (DMSO-d6) δ 11.38, 20.40, 
25.75, 43.07, 111.36, 113.08, 114.19, 115.78, 126.10, 126.10, 127.09, 129.54, 129.61, 129.61, 129.81, 130.01, 
130.31, 131.13, 136.05, 140.40, 147.96, 149.51, 150.78; MS (ESI) m/z 368 [M+H]+ Anal. Calcd for 
C23H21N5·2.65HCl·H2O: C, 57.30; H, 5.36; N, 14.53; Cl, 19.49. Found: C, 57.56; H, 5.29; N, 14.59; Cl, 19.45. 
 
2-Methyl-4-[2-(5-methyl-1-phenyl-1H-benzimidazol-2-yl)ethyl]pyrido[2,3-b]pyrazin-3(4H)-one (2g) 
To a mixture of 17a (325 mg, 1.20 mmol) in CH2Cl2 (8 mL) were added HATU (684 mg, 1.50 mmol), DIPEA (0.820 
mL, 4.79 mmol) and 12g (308 mg, 1.32 mmol), and the mixture was stirred at room temperature for 12 h. The 
mixture was diluted with saturated NaHCO3 aqueous solution and extracted with CHCl3. The organic layer was 
washed with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. To the residue was added 
AcOH (8 mL), and the mixture was stirred at 90 °C for 12 h. The resulting mixture was concentrated in vacuo. The 
residue was purified by flash column chromatography (silica gel, 0–5% MeOH in CHCl3). The residue was washed 
with EtOAc/n-hexane to give 2g (367 mg, 77%) as a pale yellow solid. 1H NMR (DMSO-d6) δ 2.38 (s, 3H), 2.41 
(s, 3H), 3.15 (t, 2H, J = 7.4 Hz), 4.73 (t, 2H, J = 7.4 Hz), 6.96–7.03 (m, 2H), 7.35 (dd, 1H, J = 7.9, 4.7 Hz), 7.43–
7.59 (m, 6H), 8.12 (dd, 1H, J = 7.9, 1.7 Hz), 8.43 (dd, 1H, J = 4.7, 1.7 Hz); 13C NMR (DMSO-d6) δ 20.48, 20.53, 
24.44, 37.88, 108.84, 117.91, 119.01, 123.32, 126.28, 126.28, 126.80, 128.04, 129.34, 129.34, 130.44, 133.51, 
134.67, 135.85, 142.00, 142.54, 147.91, 150.94, 154.58, 158.67; MS (ESI) m/z 396 [M+H]+; HRMS (ESI) calcd for 
C24H22N5O [M+H]+ 396.1824; found, 396.1833; Anal. Calcd for C24H21N5O: C, 72.89; H, 5.35; N, 17.71. Found: 
C, 72.90; H, 5.34; N, 17.66; mp 150 °C. 
 
5-Methyl-3-nitro-N-phenylpyridin-2-amine (22a) 
To a mixture 21a (3.00 g, 17.4 mmol) in aniline (4.05 mL, 43.5 mmol) was stirred at 120 °C for 3 h under microwave 
70 
 
irradiation. The reaction mixture was allowed to cool to room temperature and diluted with EtOAc. Insoluble 
fraction was removed by filtration and the filtrate was concentrated in vacuo. The residue was washed with n-hexane 
to give 22a (2.96 g, 74%) as a dark red solid. 1H NMR (DMSO-d6) δ 2.29 (s, 3H), 7.11 (tt, 1H, J = 7.3, 1.1 Hz), 
7.31–7.37 (m, 2H), 7.63–7.66 (m, 2H), 8.38–8.40 (m, 2H), 9.85 (s, 1H); MS (ESI) m/z 230 [M+H]+. 
 
4-Methoxy-3-nitro-N-phenylpyridin-2-amine (22b) 
Compound 22b was prepared from 21b in a manner similar to that described for compound 16f, with a yield of 47% 
as an orange oil. 1H NMR (DMSO-d6) δ 3.94 (s, 3H), 6.52–6.55 (m, 1H), 6.80 (d, 1H, J = 5.9 Hz), 7.25–7.29 (m, 
2H), 7.50 (dd, 2H, J = 8.6, 1.1 Hz), 8.18 (d, 1H, J = 5.9 Hz), 8.87 (s, 1H); MS (ESI) m/z 246 [M+H]+. 
 
5-Methyl-N2-phenylpyridine-2,3-diamine dihydrochloride (23a) 
Compound 23a was prepared from 22a in a manner similar to that described for compound 17f, with a yield of 98% 
as a gray solid. 1H NMR (DMSO-d6) δ 2.18 (s, 3H), 7.11 (s, 1H), 7.14 (d, 1H, J = 1.5 Hz), 7.25 (tt, 1H, J = 7.4, 1.1 
Hz), 7.31–7.34 (m, 2H), 7.44–7.49 (m, 2H), 9.95 (s, 1H); MS (ESI) m/z 200 [M+H]+. 
 
4-Methoxy-N2-phenylpyridine-2,3-diamine dihydrochloride (23b) 
Compound 23b was prepared from 22b in a manner similar to that described for compound 17f, with a yield of 29% 
as a green solid. 1H NMR (DMSO-d6) δ 4.03 (s, 3H), 7.05 (d, 1H, J = 7.0 Hz), 7.15–7.22 (m, 3H), 7.36–7.54 (m, 
3H), 9.44 (s, 1H); MS (ESI) m/z 216 [M+H]+. 
 
1-Methyl-3-[2-(6-methyl-3-phenyl-3H-imidazo[4,5-b]pyridin-2-yl)ethyl]-1,3-dihydro-2H-imidazo[4,5-
b]pyridin-2-one dihydrochloride (4a) 
Compound 4a was prepared from 23a and 20 in a manner similar to that described for compound 3f, with a yield of 
72% as a colorless solid. 1H NMR (DMSO-d6) δ 2.47 (s, 3H), 3.25 (s, 3H), 3.41 (t, 2H, J = 6.5 Hz), 4.24 (t, 2H, J = 
6.5 Hz), 7.00 (dd, 1H, J = 7.7, 5.2 Hz), 7.41–7.45 (m, 3H), 7.52–7.58 (m, 3H), 7.70 (dd, 1H, J = 7.3, 1.3 Hz), 8.07 
(s, 1H), 8.28 (d, 1H, J = 1.3 Hz); 13C NMR (DMSO-d6) δ 18.43, 26.29, 27.23, 37.74, 114.88, 117.66, 124.17, 124.81, 
125.94, 127.75, 127.75, 130.16, 130.16, 130.51, 132.02, 132.04, 139.78, 142.64, 144.31, 147.85, 153.04, 153.59; 
MS (ESI) m/z 385 [M+H]+ Anal. Calcd for C22H20N6O·2HCl·0.5H2O: C, 56.66; H, 4.97; N, 18.02; Cl, 15.20. Found: 
C, 56.57; H, 5.02; N, 17.86; Cl, 15.18; mp 194 °C. 
 
3-[2-(7-Methoxy-3-phenyl-3H-imidazo[4,5-b]pyridin-2-yl)ethyl]-1-methyl-1,3-dihydro-2H-imidazo[4,5-
b]pyridin-2-one dihydrochloride (4b) 
Compound 4b was prepared from 23b and 20 in a manner similar to that described for compound 3f, with a yield 
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of 63% as a colorless solid. 1H NMR (DMSO-d6) δ 3.24 (t, 2H, J = 7.0 Hz), 3.26 (s, 3H), 4.07 (s, 3H), 4.22 (t, 2H, 
J = 7.0 Hz), 6.93 (d, 1H, J = 5.6 Hz), 7.01 (dd, 1H, J = 7.7, 5.2 Hz), 7.40–7.55 (m, 6H), 7.81 (dd, 1H, J = 5.2, 1.3 
Hz), 8.12 (d, 1H, J = 5.6 Hz); 13C NMR (DMSO-d6) δ 26.28, 27.21, 37.85, 57.60, 104.61, 114.83, 117.59, 124.80, 
127.85, 127.85, 130.09, 130.09, 130.26, 132.67, 139.74, 139.74, 142.72, 147.48, 147.96, 152.17, 153.10, 156.14; 
MS (ESI) m/z 401 [M+H]+ Anal. Calcd for C22H20N6O2·1.8HCl·2.87H2O: C, 51.03; H, 5.36; N, 16.23; Cl, 12.33. 
Found: C, 51.31; H, 5.37; N, 15.93; Cl, 12.34. 
 
N-Methylpyrazine-2,3-diamine (25) 
A mixture of 2-amino-3-chloropyrazine (24) (5.20 g, 40.1 mmol) and CuSO4 (640 mg, 4.01 mmol) in 12 M aqueous 
solution of methanamine (40.0 mL, 480 mmol) was stirred at 120 °C for 3 h under microwave irradiation. The 
reaction mixture was allowed to cool to room temperature and concentrated in vacuo. The residue was purified by 
flash column chromatography (silica gel, 0–5% MeOH in CHCl3) to give 25 (3.99 g, 80%) as a yellow solid. 1H 
NMR (DMSO-d6) δ 2.81 (d, 3H, J = 4.7 Hz), 5.84 (s, 2H), 6.13 (q, 1H, J = 4.7 Hz), 7.09 (d, 1H, J = 3.1 Hz), 7.23 
(d, 1H, J = 3.1 Hz); MS (ESI) m/z 125 [M+H]+. 
 
Ethyl 3-(3-methyl-2-oxo-2,3-dihydro-1H-imidazo[4,5-b]pyrazin-1-yl)propanoate (26) 
To a mixture of 25 (3.99 g, 32.1 mmol) in THF (200 mL) was added carbonyldiimidazole (CDI; 10.4 g, 64.1 mmol), 
and the mixture was stirred at 70 °C for 5 h. The reaction mixture was allowed to cool to room temperature and 
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel, 0–5% MeOH in 
CHCl3). The residue was washed with EtOAc/n-hexane. To the residue in MeCN (100 mL) were added ethyl acrylate 
(7.00 mL, 64.4 mmol) and DBU (2.40 mL, 16.4 mmol), and the mixture was stirred at 50 °C for 12 h under an argon 
atmosphere. The mixture was concentrated in vacuo. The residue was purified by flash column chromatography 
(silica gel, 0–5% MeOH in CHCl3) to give 26 (6.11 g, 76%) as a colorless solid. 1H NMR (DMSO-d6) δ 1.10 (t, 3H, 
J = 7.1 Hz), 2.81 (t, 2H, J = 7.1 Hz), 3.34 (s, 3H), 4.00 (q, 2H, J = 7.1 Hz), 4.11 (t, 2H, J = 7.1 Hz), 7.95 (d, 1H, J 
= 3.3 Hz), 7.96 (d, 1H, J = 3.3 Hz); MS (ESI) m/z 251 [M+H]+. 
 
3-(3-Methyl-2-oxo-2,3-dihydro-1H-imidazo[4,5-b]pyrazin-1-yl)propanoic acid (27) 
Compound 27 was prepared from 26 in a manner similar to that described for compound 7, with a yield of 89% as 
a pale yellow solid. 1H NMR (DMSO-d6) δ 2.75 (t, 2H, J = 7.5 Hz), 3.34 (s, 3H), 4.08 (t, 2H, J = 7.5 Hz), 7.94–
7.97 (m, 2H), 12.39 (s, 1H); MS (ESI) m/z 223 [M+H]+. 
 
1-[2-(7-Methoxy-3-phenyl-3H-imidazo[4,5-b]pyridin-2-yl)ethyl]-3-methyl-1,3-dihydro-2H-imidazo[4,5-
b]pyrazin-2-one hydrochloride (5a) 
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Compound 5a was prepared from 23b and 27 in a manner similar to that described for compound 3f, with a yield 
of 76% as a beige solid. 1H NMR (DMSO-d6) δ 3.25–3.34 (m, 5H), 4.08 (s, 3H), 4.22 (t, 2H, J = 7.0 Hz), 6.95 (d, 
1H, J = 5.7 Hz), 7.41–7.54 (m, 5H), 7.78 (d, 1H, J = 3.4 Hz), 7.89 (d, 1H, J = 3.4 Hz), 8.14 (d, 1H, J = 5.6 Hz); 13C 
NMR (DMSO-d6) δ 25.82, 26.31, 37.83, 57.30, 103.83, 127.92, 127.92, 129.67, 129.97, 129.97, 133.69, 134.77, 
134.77, 135.12, 139.00, 139.59, 146.55, 149.43, 151.43, 153.10, 156.67; MS (ESI) m/z 402 [M+H]+ Anal. Calcd for 
C21H19N7O2·HCl·1.6H2O: C, 54.04; H, 5.01; N, 21.01; Cl, 7.60. Found: C, 54.13; H, 5.13; N, 20.94; Cl, 7.57; mp 
179 °C. 
 
Ethyl N-(4-methyl-3-nitropyridin-2-yl)-beta-alaninate (29) 
To a mixture of 28 (5.00 g, 29.0 mmol) in EtOH (50 mL) were added β-alanine ethyl ester hydrochloride (11.1 g, 
72.4 mmol) and triethylamine (20.2 mL, 145 mmol), and the mixture was stirred at 80°C for 3 d. The mixture was 
concentrated in vacuo. The residue was diluted with 50% EtOAc/n-hexane, and the resulting precipitate was 
removed by filtration. The filtrate was concentrated in vacuo and purified by flash column chromatography (silica 
gel, 0–30% EtOAc in n-hexane) to give 29 (6.03 g, 82%) as a yellow oil. 1H NMR (DMSO-d6) δ 1.16 (t, 3H, J = 
7.1 Hz), 2.36–2.38 (m, 4H) 2.59 (t, 2H, J = 6.9 Hz), 3.67 (q, 2H, J = 6.9 Hz), 4.05 (q, 2H, J = 7.1 Hz), 6.64 (d, 1H, 
J = 5.0 Hz), 8.16 (d, 1H, J = 5.0 Hz); MS (ESI) m/z 254 [M+H]+. 
 
Ethyl 3-(7-methyl-2-oxo-1,2-dihydro-3H-imidazo[4,5-b]pyridin-3-yl)propanoate (30) 
To a mixture of 29 (765 mg, 3.02 mmol) in EtOH (20 mL) was added 10% Pd(OH)2-C (38.4 mg, 0.055 mmol). The 
mixture was stirred at room temperature for 6 h under a hydrogen atmosphere. The reaction mixture was filtered 
through a pad of Celite. The filtrate was concentrated in vacuo to give a yellow oil. To a mixture of the residue in 
THF (12 mL) was added CDI (343 mg, 2.11 mmol), and the mixture was stirred at 80 °C for 24 h. The mixture was 
diluted with H2O and extracted with CHCl3. The organic layer was washed with brine, dried over anhydrous Na2SO4, 
filtered and concentrated in vacuo. The residue was purified by flash column chromatography (silica gel, 0–5% 
MeOH in CHCl3) to give 30 (216 mg, 44%) as a colorless solid. 1H NMR (DMSO-d6) δ 1.11 (t, 3H, J = 7.1 Hz), 
2.29 (s, 3H), 2.75 (t, 2H, J = 7.2 Hz), 4.00 (q, 2H, J = 7.1Hz), 4.05 (t, 2H, J = 7.2 Hz), 6.84 (dd, 1H, J = 5.3, 0.6 
Hz), 7.82 (d, 1H, J = 5.3 Hz), 11.20 (s, 1H); MS (ESI) m/z 250 [M+H]+. 
 
Ethyl 3-(1,7-dimethyl-2-oxo-1,2-dihydro-3H-imidazo[4,5-b]pyridin-3-yl)propanoate (31) 
To a mixture of 30 (3.21 g, 12.9 mmol) in DMF (50 mL) were added MeI (1.20 mL, 19.2 mmol) and Cs2CO3 (5.00 
g, 15.3 mmol), and the mixture was stirred at room temperature for 14 h. The mixture was diluted with H2O and 
extracted with EtOAc. The organic layer was washed with brine, dried over anhydrous Na2SO4, filtered and 
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel, 0–5% MeOH in 
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CHCl3) to give 31 (3.39 g, 99%) as a yellow oil. 1H NMR (DMSO-d6) δ 1.11 (t, 3H, J = 7.1 Hz), 2.55 (s, 3H), 2.74 
(t, 2H, J = 7.3 Hz), 3.54 (s, 3H), 4.00 (q, 2H, J = 7.1 Hz), 4.09 (t, 2H, J = 7.3 Hz), 6.85 (dd, 1H, J = 5.3, 0.6 Hz), 
7.84 (d, 1H, J = 5.3 Hz); MS (ESI) m/z 264 [M+H]+. 
 
3-(1,7-Dimethyl-2-oxo-1,2-dihydro-3H-imidazo[4,5-b]pyridin-3-yl)propanoic acid (32) 
Compound 32 was prepared from 31 in a manner similar to that described for compound 7, with a yield of 85% as 
a pale yellow solid. 1H NMR (DMSO-d6) δ 2.55 (s, 3H), 2.69 (t, 2H, J = 7.5 Hz), 3.54 (s, 3H), 4.06 (t, 2H, J = 7.5 




Compound 5b was prepared from 23b and 32 in a manner similar to that described for compound 2g, with a yield 
of 68% as a pale yellow solid. 1H NMR (DMSO-d6) δ 2.52 (s, 3H), 3.21 (t, 2H, J = 7.0 Hz), 3.46 (s, 3H), 4.07 (s, 
3H), 4.21 (t, 2H, J = 7.0 Hz), 6.78 (d, 1H, J = 5.2 Hz), 6.87 (d, 1H, J = 5.6 Hz), 7.38–7.53 (m, 5H), 7.69 (d, 1H, J 
= 5.2 Hz), 8.07 (d, 1H, J = 5.6 Hz); 13C NMR (DMSO-d6) δ 17.06, 26.83, 29.19, 38.14, 56.93, 102.99, 120.58, 
122.69, 124.38, 127.16, 127.98, 127.98, 128.99, 129.67, 129.67, 134.65, 140.05, 142.76, 145.70, 150.88, 151.16, 
153.39, 156.96; MS (ESI) m/z 415 [M+H]+; HRMS (ESI) calcd for C23H23N6O2 [M+H]+ 415.1882; found, 415.1873; 
Anal. Calcd for C23H22N6O2·0.3H2O·0.1EtOAc: C, 65.56; H, 5.50; N, 19.60. Found: C, 65.72; H, 5.44; N, 19.50; 






A mixture of ethyl potassium malonate (1019 mg, 6.00 mmol), magnesium chloride (571 mg, 6.00 mmol) and 
triethylamine (1070 μL, 7.68 mmol) in THF (24 mL) was stirred at room temperature for 2.5 h. 1 mL of the reaction 
mixture was added to another reaction mixture of 3-(quinoline-2-yl)propanoic acid (17.3 mg, 0.100 mmol) and CDI 
(24.3 mg, 0.150 mmol) in THF (0.2 mL) which had been stirred at 50 °C for 2 h. The combined reaction mixture 
was stirred at 50 °C for 15 h. After cooling at room temperature, to the reaction mixture were added 1 M HCl 
aqueous solution (0.5 mL), CHCl3 and saturated NaHCO3 aqueous solution (0.5 mL). The mixture was through the 
phase separator. The organic layer was concentrated in vacuo. To the residue was added 5-methyl-1H-pyrazole-3-
amine (38) (9.70 mg, 0.100 mmol) in 1,4-dioxane (0.100 mL) and AcOH (5.0 μL, 87 μmol), and the mixture was 
stirred at 90 °C for overnight. After cooling at room temperature, the mixture was concentrated in vacuo. The residue 
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was purified by preparative HPLC (Waters SunFireTM Column, C18, 5 μm, 19×100 mm, 10–95% MeOH in 
0.1%(v/v) formic acid aqueous solution) to give 34a (5.4 mg, 17%) as a pale brown solid. 1H NMR (DMSO-d6) δ 
2.27 (s, 3H), 3.09 (dd, 2H, J = 9.0, 6.8 Hz), 3.32–3.36 (m, 2H), 5.57 (d, 1H, J = 1.4 Hz), 5.95 (s, 1H), 7.49 (d, 1H, 
J = 8.4 Hz), 7.56 (ddd, 1H, J = 8.0, 6.9, 1.2 Hz), 7.74 (ddd, 1H, J = 8.4, 6.9, 1.5 Hz), 7.93–7.96 (m, 2H), 8.30 (d, 




Compound 34b was prepared from quinaldic acid in a manner similar to that described for compound 34a, with a 
yield of 12%. 1H NMR (DMSO-d6) δ 2.34 (s, 3H), 6.22 (s, 1H), 6.72 (s, 1H), 7.75 (ddd, 1H, J = 8.1, 7.0, 0.99 Hz), 
7.92 (ddd, 1H, J = 8.4, 6.9, 1.4 Hz), 8.12 (d, 1H, J = 7.5 Hz), 8.24 (d, 1H, J = 8.4 Hz), 8.37 (d, 1H, J = 8.8 Hz), 8.62 




Compound 34c was prepared from (quinolin-2-ylsulfanyl)acetic acid in a manner similar to that described for 
compound 34a, with a yield of 27%. 1H NMR (DMSO-d6) δ 2.26 (s, 3H), 4.52 (s, 2H), 5.84 (s, 1H), 6.00 (s, 1H), 
7.47 (d, 1H, J = 8.6 Hz), 7.54 (ddd, 1H, J = 8.0, 7.0, 1.1 Hz), 7.76 (ddd, 1H, J = 8.4, 7.0, 1.4 Hz), 7.90–7.98 (m, 
2H), 8.23 (d, 1H, J = 8.6 Hz), 12.43 (br-s, 1H); MS (ESI) m/z 323 [M+H]+; HRMS (ESI) calcd for C17H15ON4S 
[M+H]+ 323.0961; found, 323.0961. 
 
2-Methyl-5-[2-(pyridin-2-yl)ethyl]pyrazolo[1,5-a]pyrimidin-7-ol (34d) 
A mixture of ethyl potassium malonate (2145 mg, 12.6 mmol), magnesium chloride (1428 mg, 15.0 mmol) and 
triethylamine (2676 μL, 19.2 mmol) in THF (60 mL) was stirred at room temperature for 2.5 h. 0.5 mL of the 
reaction mixture was added to another reaction mixture of 3-(pyridin-2-yl)propanoic acid (7.56 mg, 50.0 μmol) and 
CDI (12.2 mg, 75 μmol) in THF (0.2 mL) which had been stirred at 50 °C for 2 h. The combined reaction mixture 
was stirred at 50 °C for overnight. After cooling at room temperature, to the reaction mixture were added 1 M HCl 
aqueous solution (0.5 mL), CHCl3 (2.5 mL) and saturated NaHCO3 aqueous solution (0.5 mL). The mixture was 
through the phase separator. The organic layer was concentrated in vacuo. To the residue was added 5-methyl-1H-
pyrazole-3-amine (38) (4.90 mg, 50 μmol) in 1,4-dioxane (0.100 mL) and AcOH (5.0 μL, 87 μmol), and the mixture 
was stirred at 90 °C for overnight. After cooling at room temperature, the mixture was concentrated in vacuo. The 
residue was purified by preparative HPLC (Waters SunFireTM Column, C18, 5 μm, 19×100 mm, 10–95% MeOH in 




Compound 34e was prepared from 3-([1,2,4]triazolo[1,5-a]pyrimidine-2-yl)propanoic acid in a manner similar to 
that described for compound 34a, with a yield of 40% as a pale brown solid. 1H NMR (DMSO-d6) δ 2.27 (s, 3H), 
3.05–3.13 (m, 2H), 3.23–3.30 (m, 2H), 5.57 (s, 1H), 5.94 (s, 1H), 7.31 (dd, 1H, J = 6.8, 4.3 Hz), 8.83 (dd, 2H, J = 
4.3, 1.9 Hz), 9.33 (dd, 1H, J = 6.8, 1.9 Hz), 12.20 (s, 1H); MS (ESI) m/z 296 [M+H]+; HRMS (ESI) calcd for 
C14H14ON7 [M+H]+ 296.1254; found, 296.1257. 
 
5-[2-(Imidazo[1,2-a]pyridin-2-yl)ethyl]-2-methylpyrazolo[1,5-a]pyrimidin-7-ol (34f) 
Compound 34f was prepared from 3-(imidazo[1,2-a]pyridin-2-yl)propanoic acid in a manner similar to that 
described for compound 34d, with a yield of 30%. MS (ESI) m/z 294 [M+H]+. 
 
5-[2-(Imidazo[1,2-a]pyrimidin-2-yl)ethyl]-2-methylpyrazolo[1,5-a]pyrimidin-7-ol (34g) 
Compound 34g was prepared from 3-(imidazo[1,2-a]pyrimidin-2-yl)propanoic acid in a manner similar to that 
described for compound 34d, with a yield of 10%. MS (ESI) m/z 295 [M+H]+. 
 
5-[2-(1H-Benzimidazol-2-yl)ethyl]-2-methylpyrazolo[1,5-a]pyrimidin-7-ol (34h) 
Compound 34h was prepared from 3-(1H-benzimidazole-2-yl)propanoic acid in a manner similar to that described 
for compound 34a, with a yield of 27%. 1H NMR (DMSO-d6) δ 2.27 (s, 3H), 3.09 (t, 2H, J = 7.5 Hz), 3.23 (t, 2H, 
J = 7.3 Hz), 5.54 (s, 1H), 5.95 (s, 1H), 7.08–7.16 (m, 2H), 7.43–7.53 (m, 2H), 12.30 (br-s, 2H); MS (ESI) m/z 294 
[M+H]+; HRMS (ESI) calcd for C16H16ON5 [M+H]+ 294.1349; found, 249.1347. 
 
3-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)propanoic acid (41) 
A mixture of aminoguanidine hydrochloride (39) (25.0 g, 226 mmol) and succinic anhydride (40) (25.0 g, 250 
mmol) was stirred at 190 °C for 1 h. After cooling at room temperature, to the reaction mixture were added sodium 
hydroxide (27.0 g, 675 mmol) and H2O (67 mL). The mixture was stirred at 120 °C for 1.5 h. After cooling, to the 
reaction mixture were added conc. HCl aqueous solution (37 mL) and H2O (25 mL) at room temperature, and the 
mixture was stood overnight. The resulting precipitate under ice-bath cooling was collected by filtration. To the 
residue were added EtOH (400 mL), acetylacetone (20.0 mL, 194 mmol) and AcOH (2.00 mL, 35.0 mmol), and the 
mixture was stirred under reflux for 7 h. After cooling at room temperature, to the mixture were added H2O (30 mL) 
and sodium hydroxide (10.0 g, 250 mmol), and the mixture was stirred at room temperature for 2 h. The mixture 
was filtered and the filtrate was concentrated in vacuo lightly. To the solution was added conc. HCl aqueous solution 
(20 mL) and the mixture was cooled under ice-bath. The resulting precipitate was collected by filtration to give 41 
(33.7 g, 68%) as a colorless solid. 1H NMR (DMSO-d6) δ 2.55 (s, 3H), 2.69 (d, 3H, J = 0.9 Hz), 2.76 (t, 2H, J = 7.3 
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Hz), 3.05 (t, 2H, J = 7.4 Hz), 7.10 (d, 1H, J = 0.9 Hz), 12.20 (br-s, 1H); MS (ESI) m/z 221 [M+H]+. 
 
5-[2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]-2-methylpyrazolo[1,5-a]pyrimidin-7-ol (35a) 
To a mixture of 41 (661 mg, 3.00 mmol) in THF (10 mL) was added CDI (584 mg, 3.60 mmol), and the mixture 
was stirred at 50 °C for 1 h. To the reaction mixture were added ethyl potassium malonate (1.02 g, 6.00 mmol), 
magnesium chloride (571 mg, 6.00 mmol), triethylamine (1.04 mL, 7.50 mmol), and the mixture was stirred at 50 °C 
for 12 h. After cooling at room temperature, to the reaction mixture was added 1 M HCl aqueous solution, and the 
mixture was stirred at ambient temperature for 1 h. The mixture was extracted with EtOAc. The organic layer was 
washed with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. To the residue were added 
1,4-dioxane (10 mL), 5-methyl-1H-pyrazol-3-amine (38) (200 mg, 2.06 mmol) and AcOH (1.18 mL, 20.6 mmol), 
and the mixture was stirred at 90 °C for 12 h. After cooling at room temperature, the mixture was diluted with Et2O, 
and the resulting precipitate was collected by filtration to give 35a (614 mg, 92%) as a beige solid. 1H NMR (DMSO-
d6) δ 2.27 (s, 3H), 2.56 (s, 3H), 2.68 (d, 3H, J = 1.0 Hz), 3.01–3.11 (m, 2H), 3.20–3.28 (m, 2H), 5.57 (s, 1H), 5.94 
(s, 1H), 7.12 (d, 1H, J = 0.8 Hz), 12.20 (br-s, 1H); MS (ESI) m/z 324 [M+H]+; HRMS (ESI) calcd for C16H18N7O 
[M+H]+ 324.1567; found, 324.1569; Anal. Calcd for C16H17N7O·1.3H2O: C, 55.42; H, 5.70; N, 28.27. Found: C, 
55.67; H, 5.63; N, 27.93. 
 
2-Methyl-5-[2-(6-methyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]pyrazolo[1,5-a]pyrimidin-7-ol (35b) 
To a mixture of 3-(6-methyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)propanoic acid (619 mg, 3.00 mmol) in THF (10 
mL) was added CDI (584 mg, 3.60 mmol), and the mixture was stirred at 50 °C for 1 h. To the reaction mixture 
were added ethyl potassium malonate (1.02 g, 6.00 mmol), magnesium chloride (571 mg, 6.00 mmol), triethylamine 
(1.04 mL, 7.50 mmol), and the mixture was stirred at 50 °C for 12 h. After cooling at room temperature, to the 
reaction mixture was added 1 M HCl aqueous solution, and the mixture was stirred at ambient temperature for 1 h. 
The mixture was extracted with EtOAc. The organic layer was washed with brine, dried over anhydrous Na2SO4, 
filtered and concentrated in vacuo. To the residue were added 1,4-dioxane (10 mL), 5-methyl-1H-pyrazol-3-amine 
(38) (200 mg, 2.06 mmol) and AcOH (1.18 mL, 20.6 mmol). The mixture was stirred at 90 °C for 12 h. After cooling 
at room temperature, the mixture was diluted with Et2O, and the resulting precipitate was collected by filtration to 
give 35b (487 mg, 76%) as a beige solid. 1H NMR (DMSO-d6) δ 2.26 (s, 3H), 2.36 (d, 3H, J = 0.8 Hz), 3.01–3.11 
(m, 2H), 3.20–3.29 (m, 2H), 5.55 (s, 1H), 5.93 (s, 1H), 8.73 (d, 1H, J = 2.4 Hz), 9.17 (dd, 1H, J = 2.3, 1.1 Hz), 
12.20 (s, 1H); 13C NMR (DMSO-d6) δ 14.54, 14.89, 27.45, 30.81, 88.62, 94.83, 120.71, 135.16, 142.57, 152.24, 
152.40, 154.41, 156.50, 157.47, 166.99; MS (ESI) m/z 310 [M+H]+; HRMS (ESI) calcd for C15H16N7O [M+H]+ 
310.1411; found, 310.1414; Anal. Calcd for C15H15N7O·0.4H2O: C, 56.92; H, 5.03; N, 30.98. Found: C, 57.05; H, 




To a mixture of 41 (2.20 g, 10.0 mmol) in THF (33 mL) was added CDI (1.95 g, 12.0 mmol), and the mixture was 
stirred at 50 °C for 1 h. To the reaction mixture were added ethyl potassium malonate (3.40 g, 20.0 mmol), 
magnesium chloride (1.90 g, 20.0 mmol), triethylamine (3.48 mL, 25.0 mmol), and the mixture was stirred at 50 °C 
for 12 h. After cooling at room temperature, to the reaction mixture was added 1 M HCl aqueous solution (50 mL), 
and the mixture was stirred at ambient temperature for 1 h. The mixture was extracted with EtOAc. The organic 
layer was washed with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. To a half of the 
residue were added 1,4-dioxane (15 mL), 1H-indazol-3-amine (610 mg, 4.58 mmol) and AcOH (4 mL). The mixture 
was stirred at 95 °C for 18 h. After cooling at room temperature, the mixture was concentrated in vacuo. The residue 
was diluted with EtOAc and saturated NaHCO3 aqueous solution, and the resulting precipitate was collected by 
filtration to give 36a (194 mg, 11%) as a beige solid. 1H NMR (DMSO-d6) δ 2.56 (s, 3H), 2.70 (d, 3H, J = 0.7 Hz), 
3.03–3.13 (m, 2H), 3.21–3.27 (m, 2H), 5.76 (s, 1H), 6.82 (ddd, 1H, J = 7.9, 6.8, 0.8 Hz), 7.09 (d, 1H, J = 0.9 Hz), 
7.24–7.33 (m, 1H), 7.44 (d, 1H, J = 8.6 Hz), 7.90 (dt, 1H, J = 8.2, 1.0 Hz); MS (ESI) m/z 360 [M+H]+; HRMS (ESI) 
calcd for C19H18N7O [M+H]+ 360.1567; found, 360.1568. 
 
4-Chloro-2-[2-(5,7-dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]pyrimido[1,2-b]indazole (36f) 
A mixture of 36a (280 mg, 0.779 mmol) and phosphorous oxychloride (3.35 g, 21.8 mmol) was stirred at 100 °C 
for 1 d. After cooling at room temperature, the mixture was concentrated in vacuo. The residue was diluted with 
saturated NaHCO3 aqueous solution and extracted with CHCl3. The organic layer was washed with brine, dried over 
anhydrous MgSO4, filtered, and concentrated in vacuo. The residue was purified by flash column chromatography 
(silica gel, 0–3% MeOH in CHCl3) to give 36f (112 mg, 38%) as a yellow solid. 1H NMR (DMSO-d6) δ 2.55 (s, 
3H), 2.68 (d, 3H, J = 0.9 Hz), 3.36–3.58 (m, 4H), 7.10 (d, 1H, J = 0.9 Hz), 7.32 (ddd, 1H, J = 8.3, 6.7, 0.7 Hz), 7.67 
(ddd, 1H, J = 8.7, 6.7, 1.1 Hz), 7.87 (dt, 1H, J = 8.6, 0.9 Hz), 7.98 (s, 1H), 8.23 (dt, 1H, J = 8.3, 1.0 Hz); MS (ESI) 
m/z 378 [M+H]+; HRMS (ESI) calcd for C19H17N7Cl [M+H]+ 378.1228; found, 378.1230. 
 
2-[2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]-N-methylpyrimido[1,2-b]indazol-4-amine (36b) 
To a solution of 36f (96.0 mg, 0.254 mmol) in THF (0.96 mL) was added methylamine solution (381 µL, 0.762 
mmol), and the mixture was stirred at room temperature for 17 h. The mixture was concentrated in vacuo, and the 
residue was purified by flash column chromatography (silica gel, 0–20% MeOH in CHCl3). The residue was washed 
with EtOAc to give 36b (92.0 mg, 97%) as a yellow solid. 1H NMR (DMSO-d6) δ 2.56 (s, 3H), 2.70 (d, 3H, J = 0.7 
Hz), 3.04 (d, 3H, J = 4.9 Hz), 3.33–3.43 (m, 4H), 6.58 (s, 1H), 7.05–7.14 (m, 2H), 7.43–7.58 (m, 1H), 7.66 (d, 1H, 
J = 8.6 Hz), 8.05–8.13 (m, 1H), 8.14–8.23 (m, 1H); 13C NMR (DMSO-d6) δ 16.99, 24.89, 28.68, 28.87, 36.41, 89.30, 
110.79, 112.73, 115.70, 119.04, 121.65, 129.65, 143.69, 147.00, 147.29, 150.33, 155.53, 159.60, 164.37, 167.61; 
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MS (ESI) m/z 373 [M+H]+; HRMS (ESI) calcd for C20H21N8 [M+H]+ 373.1884; found, 373.1886; Anal. Calcd for 
C20H20N8·0.4EtOAc: C, 63.64; H, 5.74; N, 27.49. Found: C, 63.33; H, 5.53; N, 27.78; mp 245 °C. 
 
2-[2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]-4-methoxypyrimido[1,2-b]indazole (36c) 
To a solution of 36f (100 mg, 0.265 mmol) in MeOH (1.00 mL) was added sodium methoxide (28.6 mg, 0.529 
mmol) and the mixture was stirred at room temperature for 3 h. The reaction mixture was diluted with H2O, and the 
resulting precipitate was collected by filtration. The residue was purified by flash column chromatography (silica 
gel, 0–10% MeOH in CHCl3). The residue was washed with EtOAc to give 36c (81.0 mg, 82%) as a yellow solid. 
1H NMR (DMSO-d6) δ 2.56 (s, 3H), 2.70 (d, 3H, J = 0.9 Hz), 3.39–3.55 (m, 4H), 4.28 (s, 3H), 7.11 (d, 1H, J = 0.9 
Hz), 7.14–7.29 (m, 2H), 7.56 (ddd, 1H, J = 8.8, 6.7, 1.1 Hz), 7.72 (dt, 1H, J = 8.7, 0.9 Hz), 8.15 (dt, 1H, J = 8.3, 1.0 
Hz); 13C NMR (DMSO-d6) δ 16.99, 24.89, 28.26, 36.28, 58.20, 92.48, 110.84, 112.46, 116.52, 120.22, 121.25, 
129.97, 144.81, 147.03, 150.97, 155.19, 155.54, 160.86, 164.43, 167.37; MS (ESI) m/z 374 [M+H]+; HRMS (ESI) 
calcd for C20H20N7O [M+H]+ 374.1724; found, 374.1726; Anal. Calcd for C20H19N7O·0.2H2O·0.2EtOAc: C, 63.30; 
H, 5.36; N, 24.85. Found: C, 63.42; H, 5.23; N, 25.01; mp 144°C. 
 
2-[2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]-4-methylpyrimido[1,2-b]indazole (36d) 
To a stirred mixture of 36f (50.0 mg, 0.132 mmol), trimethylboroxine (49.8 mg, 0.397 mmol) and PdCl2(dppf) 
CH2Cl2 (32.4 mg, 39.7 μmol) in 1,4-dioxane (1.00 mL) was added K2CO3 (110 mg, 0.794 mmol) under an argon 
atmosphere, and the mixture was stirred at 90 °C for 1 d. After cooling at room temperature, the mixture was diluted 
with water and extracted with CHCl3. The organic layer was washed with brine, dried over anhydrous MgSO4, 
filtered and concentrated in vacuo. The residue was purified by flash column chromatography (silica gel, 0–5% 
MeOH in CHCl3) to give 36d (16.0 mg, 34%) as a pale yellow solid. 1H NMR (DMSO-d6) δ 2.55 (s, 3H), 2.69 (d, 
3H, J = 0.7 Hz), 2.88 (d, 3H, J = 0.7 Hz), 3.36–3.54 (m, 4H), 7.10 (d, 1H, J = 0.9 Hz), 7.24 (ddd, 1H, J = 8.2, 6.7, 
0.8 Hz), 7.43–7.65 (m, 2H), 7.70–7.90 (m, 1H), 8.20 (dt, 1H, J = 8.3, 0.9 Hz); MS (ESI) m/z 358 [M+H]+; HRMS 
(ESI) calcd for C20H20N7 [M+H]+ 358.1775; found, 358.1776. 
 
2-[2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]pyrimido[1,2-b]indazole (36e)  
To a suspension of 36f (104 mg, 0.275 mmol) in EtOH (1.0 mL) was added 5% Pd-C (29.3 mg). The mixture was 
stirred at room temperature for 24 h under a hydrogen atmosphere. The mixture was filtered through a pad of Celite, 
and the filtrate was concentrated in vacuo. The residue was purified by flash column chromatography (silica gel, 0–
10% MeOH in CHCl3) to give 36e (3.3 mg, 3%) as a beige solid. 1H NMR (DMSO-d6) δ 2.55 (s, 3H), 2.68 (s, 3H), 
3.39–3.53 (m, 4H), 7.10 (s, 1H), 7.22–7.28 (m, 1H), 7.51 (d, 1H, J = 7.3 Hz), 7.60 (ddd, 1H, J = 8.4, 6.9, 0.99 Hz), 




A mixture of 36f (50.0 mg, 0.132 mmol), potassium cyanide (18.0 mg, 0.276 mmol) and 1,4-
diazabicyclo[2.2.2]octane (DABCO; 18.0 mg, 0.160 mmol) in 1,4-dioxane (2.0 mL) and H2O (0.20 mL) was stirred 
at room temperature for 5 h. The residue was diluted with H2O. The resulting precipitate was collected by filtration 
and purified by flash column chromatography (silica gel, 0–5% MeOH in CHCl3) to give 36g (18.0 mg, 37%) as a 
bright red solid. 1H NMR (DMSO-d6) δ 2.55 (s, 3H), 2.68 (s, 3H), 3.40–3.60 (m, 4H), 7.10 (s, 1H), 7.36–7.50 (m, 
1H), 7.73 (ddd, 1H, J = 8.4, 7.0, 1.0 Hz), 7.94 (d, 1H, J = 8.6 Hz), 8.26–8.36 (m, 1H), 8.40 (s, 1H); MS (ESI) m/z 




To a mixture of 3-(5,7-dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)propanoic acid (2.20 g, 10.0 mmol) in THF (33 
mL) was added 1,1’-carbonyldiimidazole (1.95 g, 12.0 mmol), and the mixture was stirred at 50 °C for 1 h. To the 
reaction mixture were added ethyl potassium malonate (3.40 g, 20.0 mmol), magnesium chloride (1.90 g, 20.0 
mmol), triethylamine (3.48 mL, 25.0 mmol), and the mixture was stirred at 50 °C for 12 h. After cooling to room 
temperature, to the reaction mixture was added 1 M HCl aqueous solution (50 mL), and the mixture was stirred at 
room temperature for 1 h. The mixture was extracted with EtOAc. The organic layer was washed with brine, dried 
over anhydrous Na2SO4, filtered and concentrated in vacuo. To a half of the residue were added 1,4-dioxane (15 
mL), 1H-pyrazolo[3,4-b]pyridin-3-amine (615 mg, 4.58 mmol) and AcOH (4 mL). The mixture was stirred at 90 °C 
for 36 h. After cooling to room temperature, the precipitate was collected by filtration. The solid was washed with 
EtOAc and saturated NaHCO3 aqueous solution to give 42 (201 mg, 11%) as a pale brown solid. 1H NMR (DMSO-
d6) δ 2.56 (s, 3H), 2.70 (d, 3H, J = 0.88 Hz), 2.99–3.17 (m, 2H), 3.21–3.28 (m, 2H), 5.86 (s, 1H), 6.84 (dd, 1H, J = 
7.9, 4.4 Hz), 7.10 (d, 1H, J = 0.66 Hz), 8.31 (dd, 1H, J = 7.9, 1.8 Hz), 8.54 (dd, 1H, J = 4.2, 1.8 Hz); MS (ESI) m/z 




Benzyl [2-(5,7-dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]carbamate (46) 
To a suspension of 3-(5,7-dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)propanoic acid (41) (3.00 g, 13.6 mmol) in 
toluene (50 mL) were added benzyl alcohol (7.00 mL, 67.6 mmol), triethylamine (3.00 mL, 21.5 mmol) and 
diphenylphosphoryl azide (4.46 g, 16.2 mmol) at room temperature. The mixture was stirred at 120 °C for 2 h. After 
cooling to room temperature, H2O was added to the residue followed by extraction with EtOAc. The organic layer 
was washed with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The residue was purified 
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by flash column chromatography (silica gel, 0–4% MeOH in CHCl3) to give 46 (3.05 g, 69%) as a pale yellow solid. 
1H NMR (DMSO-d6) δ 2.56 (s, 3H), 2.69 (s, 3H), 2.96 (t, 2H, J = 7.3 Hz), 3.40–3.50 (m, 2H), 5.02 (s, 2H), 7.14 (s, 
1H), 7.26–7.39 (m, 6H); MS (ESI) m/z 326 [M+H]+. 
 
2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethanamine (47) 
To a solution of 46 (521 mg, 1.60 mmol) in MeOH (20 mL) was added 5% Pd-C (200 mg). The mixture was stirred 
at room temperature for 9 h under a hydrogen atmosphere. The reaction mixture was filtered through a pad of Celite, 
and the filtrate was concentrated in vacuo to give 47 (310 mg, quant.) as a pale brown solid. 1H NMR (DMSO-d6) 
δ 2.56 (s, 3H), 2.70 (d, 3H, J = 0.78 Hz), 2.89–2.96 (m, 2H), 2.99–3.06 (m, 2H), 7.11 (d, 1H, J = 0.98 Hz); MS 
(ESI) m/z 192 [M+H]+. 
 
N-[2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]quinolin-2-amine (43a) 
To a mixture of 47 (310 mg, 1.62 mmol) in 1,2-dimethoxyethane (10 mL) were added 2-chloroquinoline (300 mg, 
1.83 mmol), t-BuONa (220 mg, 2.29 mmol), Pd(OAc)2 (40.0 mg, 0.178 mmol) and (S)-1-[(R)-2-
(dicyclohexylphosphino)ferrocenyl]ethyl-di-tert-butylphosphine ((S)-(R)-JOSIPHOS; 90.0 mg, 0.162 mmol) at 
room temperature. The mixture was stirred at 80 °C for 3 h under an argon atmosphere. After cooling to room 
temperature, the mixture was concentrated in vacuo. The residue was purified by flash column chromatography 
(silica gel, MeOH in CHCl3 then NH silica gel, EtOAc in n-hexane), and concentrated in vacuo. The residue was 
precipitated from EtOAc with Et2O, and the resulting precipitate was collected by filtration to give 43a (65.6 mg, 
13%) as a brown solid. 1H NMR (DMSO-d6) δ 2.56 (s, 3H), 2.69 (d, 3H, J = 0.78 Hz), 3.17 (t, 2H, J = 7.0 Hz), 
3.81–3.93 (m, 2H), 6.76 (d, 1H, J = 8.8 Hz), 7.10 (d, 1H, J = 0.78 Hz), 7.16 (br-t, 1H, J = 6.9 Hz), 7.41–7.57 (m, 
2H), 7.62 (d, 1H, J = 7.4 Hz), 7.85 (br-d, 1H, J = 8.8 Hz); 13C NMR (CD3OD) δ 15.43, 23.25, 28.85, 39.39, 110.56, 
110.56, 112.64, 121.94, 123.02, 123.80, 127.29, 129.36, 137.45, 147.40, 155.19, 156.89, 165.36, 166.10; MS (ESI) 
m/z 319 [M+H]+; HRMS (ESI) calcd for C18H19N6 [M+H]+ 319.1666; found, 319.1666; mp 216 °C. 
 
N-[2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]quinoxalin-2-amine (43b) 
To a solution of 2-chloroquinoxaline (100 mg, 0.608 mmol) in N-methylpyrrolidone (NMP; 1.00 mL) was added 
47 (250 mg, 1.31 mmol) under an argon atmosphere. The mixture was stirred at 160 °C for 3 h under microwave 
irradiation. After cooling to room temperature, H2O was added to the residue followed by extraction with CHCl3. 
The organic layer was washed with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The 
residue was purified by flash column chromatography (silica gel, 0–100% EtOAc in n-hexane), and concentrated in 
vacuo. The residue was washed with n-hexane/EtOAc to give 43b (58.0 mg, 30%) as a brown solid. 1H NMR 
(DMSO-d6) δ 2.56 (s, 3H), 2.68 (s, 3H), 3.18 (t, 2H, J = 7.1 Hz), 3.83–3.92 (m, 2H), 7.10 (s, 1H), 7.32 (ddd, 1H, J 
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= 8.2, 5.8, 2.3 Hz), 7.50–7.59 (m, 2H), 7.68–7.78 (m, 2H), 8.27 (s, 1H); 13C NMR (DMSO-d6) δ 16.98, 24.89, 28.90, 
39.28, 110.77, 123.85, 126.18, 128.89, 130.07, 136.75, 140.42, 142.18, 146.97, 152.77, 155.55, 164.37, 166.33; MS 
(ESI) m/z 320 [M+H]+; HRMS (ESI) calcd for C17H18N7 [M+H]+ 320.1618; found, 320.1619. 
 
N-[2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]quinazolin-2-amine (43c)  
Compound 43c was prepared from 2-chloroquinazoline in a manner similar to that described for compound 43b, 
with a yield of 14% as a colorless solid. 1H NMR (DMSO-d6) δ 2.56 (s, 3H), 2.68 (d, 3H, J = 0.66 Hz), 3.15 (t, 2H, 
J = 7.2 Hz), 3.77–3.88 (m, 2H), 7.10 (d, 1H, J = 0.88 Hz), 7.23 (ddd, 1H, J = 7.9, 6.8, 1.1 Hz), 7.39–7.50 (m, 2H), 
7.69 (ddd, 1H, J = 8.5, 7.0, 1.5 Hz), 7.79 (dd, 1H, J = 8.1, 0.99 Hz), 9.11 (br-s, 1H); 13C NMR (DMSO-d6) δ 16.99, 
24.89, 29.25, 40.25, 110.74, 120.14, 122.46, 125.30, 128.36, 134.54, 146.97, 151.98, 155.52, 159.94, 162.56, 164.33, 
166.44; MS (ESI) m/z 320 [M+H]+; HRMS (ESI) calcd for C17H18N7 [M+H]+ 320.1618; found, 320.1620. 
 
N-[2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]-1H-benzimidazol-2-amine (43d) 
Compound 43d was prepared from 2-chlorobenzimidazole in a manner similar to that described for compound 43b, 
with a yield of 96% as a colorless solid. 1H NMR (DMSO-d6) δ 2.57 (s, 3H), 2.70 (d, 3H, J = 0.66 Hz), 3.15 (t, 2H, 
J = 7.2 Hz), 3.75 (q, 2H, J = 6.8 Hz), 6.59 (br-t, 1H, J = 6.1 Hz), 6.77–6.94 (m, 2H), 7.05–7.19 (m, 3H), 10.75 (s, 
1H); 13C NMR (DMSO-d6) δ 17.00, 24.90, 29.71, 41.38, 109.04, 110.80, 115.21, 118.71, 120.34, 134.19, 144.20, 
147.01, 155.53, 155.74, 164.41, 166.43; MS (ESI) m/z 308 [M+H]+; HRMS (ESI) calcd for C16H18N7 [M+H]+ 
308.1618; found, 308.1619; Anal. Calcd for C16H17N7·1.5H2O: C, 57.47; H, 6.03; N, 29.32. Found: C, 57.51; H, 
6.09; N, 29.19; mp 275 °C. 
 
N-[2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)ethyl]-1-methyl-1H-benzimidazol-2-amine (43e) 
Compound 43e was prepared from 2-chloro-1-methylbenzimidazole in a manner similar to that described for 
compound 43b, with a yield of 89% as a colorless solid. 1H NMR (DMSO-d6) δ 2.57 (s, 3H), 2.70 (d, 3H, J = 0.88 
Hz), 3.19 (t, 2H, J = 7.4 Hz), 3.47 (s, 3H), 3.73–3.84 (m, 2H), 6.80 (t, 1H, J =5.7 Hz), 6.88–6.99 (m, 2H), 7.09–
7.16 (m, 2H), 7.19–7.25 (m, 1H); 13C NMR (DMSO-d6) δ 15.94, 23.82, 27.55, 28.53, 40.70, 106.60, 109.69, 114.38, 
117.68, 119.58, 134.61, 141.98, 145.92, 154.31, 154.47, 163.28, 165.29; MS (ESI) m/z 322 [M+H]+; HRMS (ESI) 




To a mixture of 43d (95.0 mg, 0.309 mmol) in 1,2-dichloroethane (DCE; 1.0 mL) were added 1,2-dibromoethane 
(0.100 mL, 1.16 mmol), 1M NaOH aqueous solution (1.00 mL, 1.00 mmol) and tetrabutylammonium bromide (18.0 
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mg, 55.8 μmol). The mixture was stirred at room temperature for 2 h. Subsequently, 1,2-dibromoethane (0.100 mL, 
1.16 mmol) and 1 M NaOH aqueous solution (1.00 mL, 1.00 mmol) were added. The reaction mixture was stirred 
at 60 °C for 20 h. After cooling to room temperature, H2O was added to the residue followed by extraction with 
CHCl3/MeOH co-solvent. The organic layer was dried over anhydrous MgSO4, filtered and concentrated in vacuo. 
The residue was purified by flash column chromatography (silica gel, 0–5% MeOH in CHCl3), and concentrated in 
vacuo. The solid was washed with EtOAc, and the resulting precipitate was collected by filtration to give 43f (32.0 
mg, 31%) as a colorless solid. 1H NMR (DMSO-d6) δ 2.56 (s, 3H), 2.68 (d, 3H, J = 0.88 Hz), 3.23 (t, 2H, J = 7.4 
Hz), 3.77 (t, 2H, J = 7.4 Hz), 3.94–4.03 (m, 2H), 4.06–4.14 (m, 2H), 6.87–6.97 (m, 2H), 7.08–7.13 (m, 2H), 7.16–
7.20 (m, 1H); 13C NMR (DMSO-d6) δ 16.97, 24.89, 27.78, 41.02, 45.59, 53.06, 108.10, 110.86, 116.41, 119.48, 
120.60, 132.92, 147.02, 148.83, 155.53, 162.10, 164.48, 166.02; MS (ESI) m/z 334 [M+H]+; HRMS (ESI) calcd for 
C18H20N7 [M+H]+ 334.1775; found, 334.1775; Anal. Calcd for C18H19N7·0.5H2O: C, 63.14; H, 5.89; N, 28.64. 
Found: C, 63.09; H, 5.85; N, 28.49. 
 
2-[(1H-Benzimidazol-2-yl)amino]ethan-1-ol (50a) 
A mixture of 2-chlorobenzimidazole (48) (10.0 g, 65.5 mmol) and 2-aminoethanol (49a) (12.0 mL, 199 mmol) was 
stirred at 140 °C for 14 h. After cooling to room temperature, saturated NaHCO3 aqueous solution and H2O were 
added to the reaction mixture with stirring. The resulting precipitate was collected by filtration, washed with H2O 
and dried to give 50a (11.2 g, 97%) as a beige solid. 1H NMR (DMSO-d6) δ 3.35 (t, 3H, J = 5.9 Hz), 3.54–3.59 (m, 
2H), 4.96 (br-s, 1H), 6.48 (br-s, 1H), 6.81–6.88 (m, 2H), 7.08–7.15 (m, 2H); MS (ESI) m/z 178 [M+H]+. 
 
2,3-Dihydro-1H-imidazo[1,2-a]benzimidazole hydrogen chloride (51a) 
To a mixture of 50a (1.77 g, 9.99 mmol) in DCE (20 mL) was added thionyl chloride (0.850 mL, 11.7 mmol). The 
mixture was stirred under reflux for 50 min. After cooling to room temperature, the reaction mixture was 
concentrated in vacuo. Saturated NaHCO3 aqueous solution was added to the residue followed by extraction with 
CHCl3/MeOH co-solvent. The organic layer was dried over anhydrous MgSO4, filtered and concentrated in vacuo. 
The residue in xylene (20 mL) was stirred under reflux for 21 h. After cooling to room temperature, the resulting 
precipitate was collected by filtration, washed with n-hexane and dried to give 51a (1.78 g, 91% in 2 steps) as a 
brown solid. 1H NMR (DMSO-d6) δ 4.20–4.38 (m, 4H), 7.17–7.30 (m, 2H), 7.35–7.43 (m, 2H), 9.46 (br-s, 1H), 




To a mixture of 51a (149 mg, 0.762 mmol) and (5,7-dimethyl-[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)acetic acid (52) 
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(169 mg, 0.820 mmol) in DMF (3.0 mL) were added WSC·HCl (161 mg, 0.840 mmol), HOBt (55.0 mg, 0.407 
mmol) and triethylamine (160 L, 1.15 mmol). The mixture was stirred at room temperature for 18 h. Saturated 
NaHCO3 aqueous solution and H2O were added to the reaction mixture. The resulting precipitate was collected by 
filtration. The filtered solid was purified by flash column chromatography (silica gel, 0–3% MeOH in CHCl3), and 
concentrated in vacuo. The residue was washed with EtOAc, and the resulting precipitate was collected by filtration 
to give 44a (143 mg, 54%) as a colorless solid. 1H NMR (DMSO-d6) δ 2.57 (s, 3H), 2.72 (d, 3H, J = 0.88 Hz), 4.28–
4.36 (m, 2H), 4.47–4.57 (m, 2H), 4.80 (s, 2H), 7.10–7.19 (m, 3H), 7.39–7.45 (m, 1H), 7.46–7.53 (m, 1H); 13C NMR 
(DMSO-d6) δ 15.94, 23.85, 34.96, 39.52, 48.72, 108.87, 110.02, 117.55, 120.77, 120.97, 130.99, 145.86, 146.05, 
152.34, 154.41, 161.44, 163.64, 165.21; MS (ESI) m/z 348 [M+H]+; HRMS (ESI) calcd for C18H18ON7 [M+H]+ 




A mixture of 2-chlorobenzimidazole (48) (2.00 g, 13.1 mmol) and 3-aminopropanol (49b) (5.00 mL, 65.8 mmol) 
was stirred at 140 °C for 15.5 h. After cooling to room temperature, saturated NaHCO3 aqueous solution was added 
to the reaction mixture followed by extraction with CHCl3. The organic layer was dried over anhydrous MgSO4, 
filtered and concentrated in vacuo to give 50b (198 mg, 8%) as a colorless solid. A small amount of the solid was 
added to the aqueous layer with stirring. The resulting precipitate was collected by filtration to give 50b (624 mg, 
25%) as a gray solid. 1H NMR (DMSO-d6) δ 1.70 (quint., 2H, J = 6.4 Hz), 3.29–3.38 (m, 2H), 3.42–3.53 (m, 2H), 
4.77 (br-s, 1H) 6.49 (t, 1H, J = 5.8 Hz), 6.74–6.94 (m, 2H), 7.02–7.17 (m, 2H), 10.69 (br-s, 1H); MS (ESI) m/z 192 
[M+H]+. 
 
1,2,3,4-Tetrahydropyrimido[1,2-a]benzimidazole (51b)  
To a mixture of 50b (300 mg, 1.57 mmol) in DCE (5.0 mL) was added thionyl chloride (0.150 mL, 2.06 mmol). 
The mixture was stirred under reflux for 2 h. After cooling to room temperature, the reaction mixture was 
concentrated in vacuo. Saturated NaHCO3 aqueous solution was added to the residue followed by extraction with 
CHCl3/MeOH. The organic layer was dried over anhydrous MgSO4, filtered and concentrated in vacuo. A mixture 
of the residue and xylene (5.0 mL) was stirred under reflux for 14 h. After cooling to room temperature, the resulting 
precipitate was collected by filtration and washed with n-hexane. The filtered solid was dissolved with MeOH. 
Saturated NaHCO3 aqueous solution was added to the solution followed by extraction with CHCl3. The organic 
layer was dried over anhydrous MgSO4, filtered and concentrated in vacuo. The residue was purified by flash 
column chromatography (silica gel, 0–3% MeOH in CHCl3) to give 51b (148 mg, 54% in 2 steps) as a colorless 
solid. 1H NMR (CDCl3) δ 2.19–2.28 (m, 2H), 3.49–3.55 (m, 2H), 4.02 (t, 2H, J = 6.2 Hz), 5.26 (br-s, 1H), 6.99–
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7.14 (m, 3H), 7.38 (dt, 1H, J = 7.8, 0.88 Hz); MS (ESI) m/z 174 [M+H]+. 
 
1-(3,4-Dihydropyrimido[1,2-a]benzimidazol-1(2H)-yl)-2-(5,7-dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-
yl)ethan-1-one (44b)  
To a mixture of 51b (73.0 mg, 0.421 mmol) and 52 (95.0 mg, 0.461 mmol) in DMF (1.0 mL) were added WSC·HCl 
(99.0 mg, 0.516 mmol) and HOBt (34.0 mg, 0.252 mmol). The mixture was stirred at room temperature for 18 h. 
H2O was added to the reaction mixture. The resulting precipitate was collected by filtration. The filtered solid was 
purified by flash column chromatography (silica gel, 0–3% MeOH in CHCl3), and concentrated in vacuo. The 
resulting solid was washed with EtOAc and collected by filtration to give 44b (67.0 mg, 44%) as a colorless solid. 
1H NMR (DMSO-d6) δ 2.18–2.28 (m, 2H), 2.56 (s, 3H), 2.69 (d, 3H, J = 0.88 Hz), 3.99–4.07 (m, 2H), 4.18 (t, 2H, 
J = 6.2 Hz), 4.96 (s, 2H), 7.12 (d, 1H, J = 0.88 Hz), 7.15–7.21 (m, 2H), 7.40–7.47 (m, 1H), 7.48–7.54 (m, 1H); 13C 
NMR (DMSO-d6) δ 16.96, 21.45, 24.90, 38.45, 41.25, 41.41, 109.70, 110.94, 117.99, 121.61, 122.40, 133.70, 
140.66, 147.00, 147.14, 155.40, 163.12, 164.55, 168.79; MS (ESI) m/z 362 [M+H]+; HRMS (ESI) calcd for 
C19H20N7O [M+H]+ 362.1724; found, 362.1725; Anal. Calcd for C19H19N7O: C, 63.14; H, 5.30; N, 27.13. Found: 
C, 63.04; H, 5.28; N, 26.97; mp 198 °C. 
 
8-Methyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazole (55c)  
To a mixture of 3-bromo-2-nitrotoluene (53c) (2.13 g, 9.86 mmol) and 1,4-dioxane (50 mL) were added 2-
imidazolidone (54a) (4.01 g, 46.6 mmol), Cs2CO3 (4.71 g, 14.5 mmol), tris(dibenzylideneacetone)dipalladium(0) 
(Pd2(dba)3; 400 mg, 0.437 mmol), and 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (XantPhos; 503 mg, 
0.869 mmol) under an argon atmosphere. The mixture was stirred at 100 °C for 19.5 h. After cooling to room 
temperature, the mixture was filtered and concentrated in vacuo. The residue was purified by flash column 
chromatography (silica gel, 0–5% MeOH in CHCl3), and concentrated in vacuo. To a mixture of the residue in EtOH 
(12 mL) and H2O (3.0 mL) were added FeCl3·6H2O (99.0 mg, 0.366 mmol), N2H4·H2O (1.10 mL, 22.7 mmol), and 
activated carbon (102 mg). The mixture was stirred under reflux for 14 h. After cooling to room temperature, the 
mixture was filtered through a pad of Celite. The filtrate was diluted with EtOAc, and washed with H2O and brine. 
The organic layer was dried over anhydrous MgSO4, filtered and concentrated in vacuo. A mixture of the residue 
and POCl3 (2.00 mL, 21.8 mmol) was stirred at 100 °C for 5 h. After cooling to room temperature, the reaction 
mixture was concentrated in vacuo. 1 M NaOH aqueous solution was added to the residue followed by extraction 
with CHCl3/MeOH co-solvent. The organic layer was dried over anhydrous MgSO4, filtered and concentrated in 
vacuo. The residue was purified by flash column chromatography (silica gel, 0–3% MeOH in CHCl3) to give 55c 
(345 mg, 20% in 3 steps) as a brown solid. 1H NMR (CDCl3) δ 2.52 (s, 3H), 4.07–4.20 (m, 4H), 4.97–5.66 (m, 1H), 




a]benzimidazol-1-yl)ethan-1-one (44c)   
To a mixture of 55c (98.0 mg, 0.566 mmol) and 52 (128 mg, 0.621 mmol) in DMF (2.0 mL) were added WSC·HCl 
(133 mg, 0.694 mmol) and HOBt (37.0 mg, 0.274 mmol). The mixture was stirred at room temperature for 3.5 h. 
H2O was added to the reaction mixture. The resulting precipitate was collected by filtration. The filtered solid was 
purified by flash column chromatography (silica gel, 0–3% MeOH in CHCl3), and concentrated in vacuo. The 
residue was washed with EtOAc (2 mL)/MeOH (1 mL) co-solvent, and the resulting precipitate was collected by 
filtration to give 44c (83.0 mg, 41%) as a colorless solid. 1H NMR (DMSO-d6) δ 2.45 (s, 3H), 2.57 (s, 3H), 2.72 (d, 
3H, J = 0.88 Hz), 4.26–4.32 (m, 2H), 4.47–4.55 (m, 2H), 4.84 (s, 2H), 6.94–7.00 (m, 1H), 7.05 (t, 1H, J = 7.7 Hz), 
7.15 (d, 1H, J = 0.88 Hz), 7.23 (d, 1H, J = 7.7 Hz); 13C NMR (DMSO-d6) δ 16.80, 17.01, 24.94, 36.08, 40.60, 49.71, 
107.43, 111.08, 121.68, 122.61, 127.93, 131.60, 145.99, 147.12, 152.73, 155.51, 162.58, 164.72, 166.30; MS (ESI) 
m/z 362 [M+H]+; HRMS (ESI) calcd for C19H20N7O [M+H]+ 362.1724; found, 362.1725; Anal. Calcd for 
C19H19N7O: C, 63.14; H, 5.30; N, 27.13. Found: C, 62.78; H, 5.21; N, 26.98; mp 269 °C. 
 
7-Methyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazole (55d)  
Compound 55d was prepared from 4-iodo-3-nitrotoluene 53d in a manner similar to that described for compound 
55c, with a yield of 15% in 3 steps as a colorless solid. 1H NMR (CDCl3) δ 2.41 (s, 3H), 4.07–4.18 (m, 4H), 4.51 
(br-s, 1H), 6.83–6.88 (m, 1H), 6.95 (d, 1H, J = 8.0 Hz), 7.23 (s, 1H); MS (ESI) m/z 174 [M+H]+. 
 
2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)-1-(7-methyl-2,3-dihydro-1H-imidazo[1,2-
a]benzimidazol-1-yl)ethan-1-one (44d)   
To a mixture of 55d (44.0 mg, 0.254 mmol) and 52 (59.0 mg, 0.286 mmol) in DMF (1.0 mL) were added WSC·HCl 
(56.0 mg, 0.292 mmol) and HOBt (17.0 mg, 0.126 mmol). The mixture was stirred at room temperature for 3.5 h. 
H2O was added to the reaction mixture. The resulting precipitate was collected by filtration to give 44d (47.0 mg, 
51%) as a colorless solid. 1H NMR (DMSO-d6) δ 2.38 (s, 3H), 2.57 (s, 3H), 2.72 (d, 3H, J = 0.88 Hz), 4.24–4.32 
(m, 2H), 4.46–4.54 (m, 2H), 4.79 (s, 2H), 6.95–7.00 (m, 1H), 7.15 (d, 1H, J = 0.88 Hz), 7.27–7.32 (m, 2H); 13C 
NMR (DMSO-d6) δ 17.02, 21.72, 24.93, 36.01, 40.60, 49.75, 109.47, 111.09, 118.75, 122.90, 130.09, 131.05, 
147.12, 147.26, 153.40, 155.48, 162.55, 164.72, 166.22; MS (ESI) m/z 362 [M+H]+; HRMS (ESI) calcd for 
C19H20N7O [M+H]+ 362.1724; found, 362.1725; mp 239 °C. 
 
6-Methyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazole (55e) 
Compound 55e was prepared from 3-iodo-4-nitrotoluene (53e) in a manner similar to that described for compound 
55c, with a yield of 2% in 3 steps as a colorless solid. 1H NMR (CDCl3) δ 2.42 (s, 3H), 4.08–4.18 (m, 4H), 4.58 (br-
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Compound 44e was prepared from 55e in a manner similar to that described for compound 44c, with a yield of 84% 
as a colorless solid. 1H NMR (DMSO-d6) δ 2.40 (s, 3H), 2.57 (s, 3H), 2.71 (d, 3H, J = 0.88 Hz), 4.24–4.32 (m, 2H), 
4.46–4.54 (m, 2H), 4.78 (s, 2H), 6.94–7.00 (m, 1H), 7.15 (d, 1H, J = 0.88 Hz), 7.21–7.25 (m, 1H), 7.37 (d, 1H, J = 
8.2 Hz); 13C NMR (DMSO-d6) δ 17.02, 21.71, 24.93, 35.98, 40.60, 49.72, 109.99, 111.09, 118.23, 123.22, 131.12, 
132.21, 144.90, 147.12, 153.00, 155.48, 162.55, 164.71, 166.21; MS (ESI) m/z 362 [M+H]+; HRMS (ESI) calcd for 
C19H20N7O [M+H]+ 362.1724; found, 362.1725; Anal. Calcd for C19H19N7O: C, 63.14; H, 5.30; N, 27.13. Found: 
C, 62.75; H, 5.32; N, 27.05; mp 247 °C. 
 
5-Methyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazole (55f) 
Compound 55f was prepared from 2-bromo-3-nitrotoluene 53f in a manner similar to that described for compound 
55c, with a yield of 10% in 3 steps as a colorless solid. 1H NMR (CDCl3) δ 2.51 (s, 3H), 4.09–4.16 (m, 2H), 4.36–




Compound 44f was prepared from 55f in a manner similar to that described for compound 44d, with a yield of 60% 
as a colorless solid. 1H NMR (DMSO-d6) δ 2.55 (s, 3H), 2.57 (s, 3H), 2.72 (d, 3H, J = 0.66 Hz), 4.46–4.60 (m, 4H), 
4.79 (s, 2H), 6.91 (d, 1H, J = 7.3 Hz), 7.02 (t, 1H, J = 7.7 Hz), 7.15 (d, 1H, J = 0.88 Hz), 7.30 (d, 1H, J = 7.7 Hz); 
MS (ESI) m/z 362 [M+H]+; HRMS (ESI) calcd for C19H20N7O [M+H]+ 362.1724; found, 362.1725; ; Anal. Calcd 
for C19H19N7O·0.5H2O: C, 61.61; H, 5.44; N, 26.47. Found: C, 61.80; H, 5.18; N, 26.47; mp 282 °C. 
 
2-[(1H-Benzimidazol-2-yl)amino]propan-1-ol (50g) 
Compound 50g was prepared from 2-chlorobenzimidazole (48) and 2-amino-1-propanol (49g) in a manner similar 
to that described for compound 50a, with a yield of 91% as a beige solid. 1H NMR (DMSO-d6) δ 1.17 (d, 3H, J = 
6.7 Hz), 3.40 (dd, 1H, J = 10.4, 5.7 Hz), 3.50 (dd, 1H, J = 10.5, 5.2 Hz), 3.75–3.88 (m, 1H), 4.93 (br-s, 1H), 6.26 
(br-d, 1H, J = 7.8 Hz), 6.85 (br-s, 2H), 7.08–7.14 (m, 2H), 10.53 (br-s, 1H); MS (ESI) m/z 192 [M+H]+. 
 
2-Methyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazole (51g) 
Compound 51g was prepared from 50g in a manner similar to that described for compound 51b, with a yield of 
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14% in 2 steps as a colorless solid. 1H NMR (CDCl3) δ 1.49 (d, 3H, J = 6.5 Hz), 3.70 (dd, 1H, J = 9.2, 6.7 Hz), 4.27 




a]benzimidazol-1-yl)ethan-1-one (44g)  
To a mixture of 51g (103 mg, 0.595 mmol) and 52 (146 mg, 0.708 mmol) in dichloromethane (2.0 mL) were added 
O-(7-azabenzotriazol-1-yl)-N,N,N’,N’ -tetramethyluronium hexafluorophosphate (HATU; 248 mg, 0.652 mmol) 
and N,N-diisopropylethylamine (DIPEA; 300 L, 1.75 mmol). The mixture was stirred at room temperature for 20 
h. 1 M NaOH aqueous solution and H2O were added to the reaction mixture followed by extraction with CHCl3. 
The organic layer was dried over anhydrous MgSO4, filtered and concentrated in vacuo. The residue was purified 
by flash column chromatography (silica gel, 0–3% MeOH in CHCl3), and concentrated in vacuo. The residue was 
washed with EtOAc (1 mL)/MeOH (1 mL), and the resulting precipitate was collected by filtration to give 44g (127 
mg, 59%) as a colorless solid. 1H NMR (DMSO-d6) δ 1.51 (d, 3H, J = 6.4 Hz), 2.57 (s, 3H), 2.71 (d, 3H, J = 0.88 
Hz), 3.99 (dd, 1H, J = 9.9, 3.1 Hz), 4.42 (dd, 1H, J = 9.8, 8.5 Hz), 4.74 (d, 1H, J = 16.5 Hz), 4.83 (d, 1H, J = 16.5 
Hz), 5.10–5.19 (m, 1H), 7.12–7.19 (m, 3H), 7.38–7.44 (m, 1H), 7.47–7.53 (m, 1H); 13C NMR (DMSO-d6) δ 16.99, 
20.21, 24.92, 36.44, 47.19, 58.68, 110.04, 111.08, 118.60, 121.83, 122.05, 132.02, 146.90, 147.11, 153.03, 155.47, 
162.54, 164.71, 166.16; MS (ESI) m/z 362 [M+H]+; HRMS (ESI) calcd for C19H20N7O [M+H]+ 362.1724; found, 
362.1725; Anal. Calcd for C19H19N7O: C, 63.14; H, 5.30; N, 27.13. Found: C, 63.18; H, 5.26; N, 27.09; mp 244 °C. 
 
1-[(1H-Benzimidazol-2-yl)amino]propan-2-ol (50h) 
Compound 50h was prepared from 48 and 1-amino-2-propanol (49h) in a manner similar to that described for 
compound 50a, with a yield of 88% as a beige solid. 1H NMR (DMSO-d6) δ 1.09 (d, 3H, J = 6.3 Hz), 3.12–3.30 (m, 
2H), 3.76–3.87 (m, 1H), 4.99 (br-d, 1H, J = 4.3 Hz), 6.43 (br-t, 1H, J = 5.9 Hz), 6.76–6.93 (m, 2H), 7.11 (br-d, 2H, 
J = 7.6 Hz), 10.60 (br-s, 1H); MS (ESI) m/z 192 [M+H]+. 
 
3-Methyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazole hydrogen chloride (51h) 
Compound 51h was prepared from 50h in a manner similar to that described for compound 51a, with a yield of 
97% in 2 steps as a brown solid. 1H NMR (DMSO-d6) δ 1.57 (d, 3H, J = 6.5 Hz), 3.82 (dd, 1H, J = 10.0, 6.5 Hz), 
4.39 (t, 1H, J = 9.6 Hz), 4.83–4.98 (m, 1H), 7.18–7.31 (m, 2H), 7.35–7.44 (m, 1H), 7.48–7.54 (m, 1H), 9.58 (br-s, 





a]benzimidazol-1-yl)ethan-1-one (44h)  
To a mixture of 51h (127 mg, 0.606 mmol) and 52 (137 mg, 0.664 mmol) in DMF (3.0 mL) were added WSC·HCl 
(139 mg, 0.725 mmol), HOBt (47.0 mg, 0.348 mmol) and triethylamine (150 L, 1.08 mmol). The mixture was 
stirred at room temperature for 22 h. H2O was added to the reaction mixture. The resulting precipitate was collected 
by filtration. The residue was washed with EtOAc, and the resulting precipitate was collected by filtration to give 
44h (126 mg, 58%) as a beige solid. 1H NMR (DMSO-d6) δ 1.60 (d, 3H, J = 6.4 Hz), 2.57 (s, 3H), 2.71 (d, 3H, J = 
0.66 Hz), 4.07 (dd, 1H, J = 11.3, 5.5 Hz), 4.67 (dd, 1H, J = 11.1, 8.7 Hz), 4.74–4.90 (m, 3H), 7.11–7.20 (m, 3H), 
7.47–7.54 (m, 2H); 13C NMR (DMSO-d6) δ 17.01, 19.47, 24.93, 36.15, 48.77, 56.80, 109.99, 111.10, 118.76, 121.83, 
122.05, 131.35, 147.04, 147.12, 152.81, 155.48, 162.50, 164.73, 166.34; MS (ESI) m/z 362 [M+H]+; HRMS (ESI) 
calcd for C19H20N7O [M+H]+ 362.1724; found, 362.1725; Anal. Calcd for C19H19N7O: C, 63.14; H, 5.30; N, 27.13. 
Found: C, 63.00; H, 5.31; N, 27.08; mp 236 °C. 
 
2,2-Dimethyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazole (55i) 
Compound 55i was prepared from 1-iodo-2-nitrobenzene (53i) and 4,4-dimethylimidazolidin-2-one (54b) in a 
manner similar to that described for compound 55c, with a yield of 63% in 3 steps as a brown solid. 1H NMR 
(CDCl3) δ 1.54 (s, 6H), 3.88 (s, 2H), 6.99–7.12 (m, 3H), 7.41 (dt, 1H, J = 7.7, 0.93 Hz); MS (ESI) m/z 188 [M+H]+. 
 
1-(2,2-Dimethyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazol-1-yl)-2-(5,7-dimethyl[1,2,4]triazolo[1,5-
a]pyrimidin-2-yl)ethan-1-one (44i)  
To a mixture of 55i (155 mg, 0.828 mmol) and 52 (194 mg, 0.941 mmol) in dichloromethane (3.0 mL) were added 
HATU (357 mg, 0.939 mmol) and DIPEA (300 L, 1.75 mmol). The mixture was stirred at room temperature for 6 
d. The reaction mixture was purified by flash column chromatography (silica gel, 0–3% MeOH in CHCl3), and 
concentrated in vacuo. The solid was washed with EtOAc (3 mL), and the resulting precipitate was collected by 
filtration to give 44i (137 mg, 44%) as a colorless solid. 1H NMR (DMSO-d6) δ 1.76 (s, 6H), 2.57 (s, 3H), 2.71 (d, 
3H, J = 0.88 Hz), 4.16 (s, 2H), 4.83 (s, 2H), 7.11–7.18 (m, 3H), 7.36–7.42 (m, 1H), 7.46–7.52 (m, 1H); 13C NMR 
(DMSO-d6) δ 16.98, 24.91, 26.11, 26.11, 37.83, 54.21, 70.31, 109.99, 111.00, 118.49, 121.74, 122.09, 131.72, 
146.59, 147.06, 153.60, 155.45, 162.69, 164.63, 166.79; MS (ESI) m/z 376 [M+H]+; HRMS (ESI) calcd for 
C20H22ON7 [M+H]+ 376.1880; found, 376.1881; Anal. Calcd for C20H21N7O: C, 63.98; H, 5.64; N, 26.12. Found: 
C, 63.81; H, 5.63; N, 26.00; mp 219 °C. 
 
N-[(S)-2-Hydroxy-1-phenylethyl]-N'-(2-nitrophenyl)urea (58j) 
To a mixture of 2-nitrophenyl isocyanate (56) (1.00 g, 6.09 mmol) in THF (15 mL) was added (S)-2-amino-2-
phenylethan-1-ol (57j) (850 mg, 6.20 mmol). The mixture was stirred at room temperature for 30 min. The reaction 
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mixture was concentrated in vacuo to give 58j (1.86 g, quant.) as a yellow solid. 1H NMR (DMSO-d6) δ 3.53–3.67 
(m, 2H), 4.73–4.81 (m, 1H), 4.96 (t, 1H, J = 5.5 Hz), 7.11 (ddd, 1H, J = 8.4, 7.2, 1.3 Hz), 7.20–7.28 (m, 1H), 7.30–
7.37 (m, 4H), 7.61 (ddd, 1H, J = 8.6, 7.2, 1.5 Hz), 8.04 (dd, 1H, J = 8.4, 1.4 Hz), 8.08 (br-d, 1H, J = 8.0 Hz), 8.31 
(dd, 1H, J = 8.6, 0.98 Hz), 9.49 (s, 1H); MS (ESI) m/z 302 [M+H]+. 
 
(S)-2-Phenyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazole (59j) 
To a mixture of 58j (1.85 g, 6.14 mmol) in EtOH (20 mL) and H2O (5.0 mL) were added FeCl3·6H2O (189 mg, 
0.699 mmol), N2H4·H2O (1.20 mL, 24.7 mmol), and activated carbon (172 mg). The mixture was stirred under 
reflux for 2 h. After cooling to room temperature, the mixture was filtered through a pad of Celite. The filtrate was 
diluted with EtOAc, and washed with H2O and brine. The organic layer was dried over anhydrous MgSO4, filtered 
and concentrated in vacuo. A mixture of the residue and POCl3 (5.00 mL, 54.6 mmol) was stirred at 100 °C for 1.5 
h. After cooling to room temperature, the reaction mixture was concentrated in vacuo. 1 M NaOH aqueous solution 
was added to the residue followed by extraction with CHCl3/MeOH co-solvent. The organic layer was dried over 
anhydrous MgSO4, filtered and concentrated in vacuo. The residue was purified by flash column chromatography 
(silica gel, 0–5% MeOH in CHCl3), and concentrated in vacuo. A mixture of the residue and xylene (10 mL) was 
stirred under reflux for 17 h. After cooling to room temperature, the resulting precipitate was collected by filtration, 
washed with n-hexane. The filtered solid was solved with MeOH (5 mL). H2O and saturated NaHCO3 aqueous 
solution were added to the solution followed by extraction with CHCl3/MeOH co-solvent. The organic layer was 
dried over anhydrous MgSO4, filtered and concentrated in vacuo. The residue was purified by flash column 
chromatography (silica gel, 0–3% MeOH in CHCl3) to give 59j (191 mg, 13% in 3 steps) as a pale yellow solid. 1H 
NMR (CDCl3) δ 3.97 (dd, 1H, J = 9.4, 7.4 Hz), 4.55 (dd, 1H, J = 9.4, 8.8 Hz), 5.09–5.30 (m, 1H), 5.48 (dd, 1H, J 
= 8.7, 7.5 Hz), 7.01–7.08 (m, 2H), 7.08–7.15 (m, 1H), 7.33–7.47 (m, 6H); MS (ESI) m/z 236 [M-H]–. 
 
2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)-1-[(S)-2-phenyl-2,3-dihydro-1H-imidazo[1,2-
a]benzimidazol-1-yl]ethan-1-one (44j)  
Compound 44j was prepared from 59j in a manner similar to that described for compound 44b, with a yield of 53% 
as a colorless solid. 1H NMR (DMSO-d6) δ 2.56 (s, 3H), 2.70 (d, 3H, J = 0.88 Hz), 4.18 (dd, 1H, J = 10.1, 3.1 Hz), 
4.69–4.79 (m, 2H), 4.98 (d, 1H, J = 16.3 Hz), 6.16 (dd, 1H, J = 8.8, 2.9 Hz), 7.12–7.20 (m, 3H), 7.29–7.45 (m, 6H), 
7.51–7.57 (m, 1H); 13C NMR (DMSO-d6) δ 16.98, 24.92, 36.50, 49.29, 64.55, 110.25, 111.08, 118.77, 121.99, 
122.22, 126.14, 126.14, 128.37, 129.24, 129.24, 132.04, 141.00, 147.08, 147.10, 153.66, 155.45, 162.46, 164.73, 
165.99; MS (ESI) m/z 424 [M+H]+; HRMS (ESI) calcd for C24H22N7O [M+H]+ 424.1880; found, 424.1882; Anal. 





To a mixture of 56 (1.00 g, 6.09 mmol) in THF (15 mL) was added (R)-2-amino-2-phenylethan-1-ol (57k) (854 mg, 
6.23 mmol). The mixture was stirred at room temperature for 1 h. After concentrated in vacuo, the reaction mixture 
was purified by flash column chromatography (silica gel, 0–5% MeOH in CHCl3), and concentrated in vacuo to 
give 58k (1.89 g, quant.) as a yellow solid. 1H NMR (CDCl3) δ 2.26 (br-s, 1H), 3.88–4.03 (m, 2H), 4.95–5.06 (m, 
1H), 5.91 (br-s, 1H), 7.00–7.07 (m, 1H), 7.28–7.35 (m, 1H), 7.35–7.42 (m, 4H), 7.50–7.59 (m, 1H), 8.15 (dd, 1H, 
J = 8.5, 1.5 Hz), 8.59 (d, 1H, J = 8.6 Hz), 9.85 (s, 1H); MS (ESI) m/z 302 [M+H]+. 
 
(R)-2-Phenyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazole (59k) 
Compound 59k was prepared from 58k in a manner similar to that described for compound 59j, with a yield of 24% 
in 3 steps as a beige solid. 1H NMR (CDCl3) δ 3.97 (dd, 1H, J = 9.4, 7.4 Hz), 4.51–4.58 (m, 1H), 5.31 (br-s, 1H), 
5.46–5.51 (m, 1H), 7.04–7.06 (m, 2H), 7.08–7.14 (m, 1H), 7.32–7.48 (m, 6H); MS (ESI) m/z 236 [M-H]–. 
 
2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)-1-[(R)-2-phenyl-2,3-dihydro-1H-imidazo[1,2-
a]benzimidazol-1-yl]ethan-1-one (44k)  
Compound 44k was prepared from 59k in a manner similar to that described for compound 44b, with a yield of 
46% as a colorless solid. 1H NMR (DMSO-d6) δ 2.56 (s, 3H), 2.70 (d, 3H, J = 0.88 Hz), 4.18 (dd, 1H, J = 10.3, 3.0 
Hz), 4.69–4.79 (m, 2H), 4.98 (d, 1H, J = 16.3 Hz), 6.16 (dd, 1H, J = 8.8, 2.9 Hz), 7.12–7.20 (m, 3H), 7.29–7.45 (m, 
6H), 7.50–7.58 (m, 1H); MS (ESI) m/z 424 [M+H]+; HRMS (ESI) calcd for C24H22N7O [M+H]+ 424.1880; found, 
424.1883; Anal. Calcd for C24H21N7O: C, 68.07; H, 5.00; N, 23.15. Found: C, 68.17; H, 5.06; N, 23.07; mp 190 °C; 
[α] D23 –55.8 (c 0.375, MeOH).  
 
N-[(S)-1-Hydroxypropan-2-yl]-N'-(2-nitrophenyl)urea (58l) 
Compound 58l was prepared from 56 and (S)-2-aminopropan-1-ol (57l) in a manner similar to that described for 
compound 58j, with a quantitative yield as a yellow solid. 1H NMR (DMSO-d6) δ 1.08 (d, 3H, J = 6.7 Hz), 3.36–
3.43 (m, 1H), 3.62–3.76 (m, 1H), 4.75 (t, 1H, J = 5.5 Hz), 7.11 (ddd, 1H, J = 8.4, 7.1, 1.3 Hz), 7.43 (br-d, 1H, J = 
7.6 Hz), 7.63 (ddd, 1H, J = 8.5, 7.1, 1.6 Hz), 8.04 (dd, 1H, J = 8.4, 1.6 Hz), 8.32 (dd, 1H, J = 8.6, 1.2 Hz), 9.31 (s, 
1H); MS (ESI) m/z 240 [M+H]+. 
 
(S)-2-Methyl-2,3-dihydro-1H-imidazo[1,2-a]benzimidazole (59l) 
To a solution of 58l (1.45 g, 6.06 mmol) in EtOH (15 mL) and THF (15 mL) was added 5% Pd-C (160 mg). The 
mixture was stirred at room temperature for 2.5 h under a hydrogen atmosphere. The reaction mixture was filtered 
through a pad of Celite, and the filtrate was concentrated in vacuo. A mixture of the residue and POCl3 (4.00 mL, 
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43.7 mmol) was stirred at 100 °C for 1 h. After cooling to room temperature, the reaction mixture was concentrated 
in vacuo. 1M NaOH aqueous solution and CHCl3/MeOH co-solvent were added to the reaction mixture. The 
resulting precipitate was collected by filtration. A mixture of the residue and xylene (10 mL) was stirred under reflux 
for 37 h. After cooling to room temperature, the resulting precipitate was collected by filtration, and washed with 
n-hexane. The filtered solid was dissolved with MeOH (2 mL). H2O and saturated NaHCO3 aqueous solution were 
added to the solution followed by extraction with CHCl3/MeOH co-solvent. The organic layer was dried over 
anhydrous MgSO4, filtered and concentrated in vacuo. The residue was purified by flash column chromatography 
(silica gel, 0–3% MeOH in CHCl3) to give 59l (229 mg, 22% in 3 steps) as a yellow solid. 1H NMR (CDCl3) δ 1.49 
(d, 3H, J = 6.3 Hz), 3.70 (dd, 1H, J = 9.2, 6.9 Hz), 4.28 (dd, 1H, J = 9.2, 8.2 Hz), 4.51–4.64 (m, 1H), 4.89 (br-s, 
1H), 7.01–7.12 (m, 3H), 7.42 (dt, 1H, J = 7.8, 0.90 Hz); MS (ESI) m/z 174 [M+H]+. 
 
2-(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyrimidin-2-yl)-1-[(S)-2-methyl-2,3-dihydro-1H-imidazo[1,2-
a]benzimidazol-1-yl]ethan-1-one (44l)  
Compound 44l was prepared from 59l in a manner similar to that described for compound 44b, with a yield of 73% 
as a pale yellow solid. 1H NMR (DMSO-d6) δ 1.51 (d, 3H, J = 6.4 Hz), 2.57 (s, 3H), 2.71 (d, 3H, J = 0.66 Hz), 3.99 
(dd, 1H, J = 9.9, 3.1 Hz), 4.42 (dd, 1H, J = 9.9, 8.6 Hz), 4.74 (d, 1H, J = 16.5 Hz), 4.83 (d, 1H, J = 16.5 Hz), 5.10–
5.19 (m, 1H), 7.12–7.19 (m, 3H), 7.38–7.44 (m, 1H) 7.47–7.53 (m, 1H); 13C NMR (DMSO-d6) δ 16.99, 20.21, 24.92, 
36.45, 47.19, 58.68, 110.03, 111.06, 118.60, 121.82, 122.05, 132.01, 146.90, 147.10, 153.02, 155.47, 162.54, 164.69, 
166.16; MS (ESI) m/z 362 [M+H]+; HRMS (ESI) calcd for C19H20N7O [M+H]+ 362.1724; found, 362.1723; Anal. 
Calcd for C19H19N7O: C, 63.14; H, 5.30; N, 27.13. Found: C, 63.22; H, 5.46; N, 27.25; mp 233 °C; [α] D23 +45.5 (c 
0.375, MeOH). 
 
(5,7-Dimethylimidazo[1,2-a]pyrimidin-2-yl)acetic acid (61a) 
To a solution of 2-(chloromethyl)-5,7-dimethylimidazo[1,2-a]pyrimidine (60a) (1.00 g, 5.11 mmol) in DMF (10 
mL) were added sodium cyanide (500 mg, 10.2 mmol) and H2O (2.0 mL). The mixture was stirred at 80 °C for 6 h. 
After cooling to room temperature, saturated NaHCO3 aqueous solution was added to the solution followed by 
extraction with EtOAc. The aquaous layer was concentrated with toluene. H2O was added to the residue followed 
by extraction with CHCl3. The organic layer was dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 
The residue was purified by flash column chromatography and concentrated in vacuo. To a mixture of the residue 
in 1,4-dioxane (4.4 mL) was added NaOH (374 mg, 9.36 mmol) in H2O (4.4 mL). The mixture was stirred under 
reflux for 3 h. The reaction mixture was cooled at room temperature. To the mixture was added 1M HCl aqueous 
solution (9.4 mL) under ice-bath cooling. The resulting precipitate was collected by filtration. The filtered solid was 
washed with CHCl3/MeOH (4:1) co-solvent and diisopropyl ether successively to give 61a (418 mg, 40% in 2 steps) 
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as a brown solid. 1H NMR (DMSO-d6) δ 2.66 (s, 3H), 2.76 (s, 3H), 4.00 (s, 2H), 7.45–7.49 (m, 1H), 8.12 (s, 1H); 
MS (ESI) m/z 206 [M+H]+. 
 
1-(2,3-Dihydro-1H-imidazo[1,2-a]benzimidazol-1-yl)-2-(5,7-dimethylimidazo[1,2-a]pyrimidin-2-yl)ethan-1-
one (45a)  
To a mixture of 51a (100 mg, 0.628 mmol) and 61a (215 mg, 0.943 mmol) in DMF (3.0 mL) were added WSC·HCl 
(145 mg, 0.756 mmol), HOBt (51.0 mg, 0.377 mmol) and DIPEA (323 L, 1.89 mmol). The mixture was stirred at 
room temperature for 2 d. H2O was added to the reaction mixture followed by extraction with EtOAc. The aqueous 
layer was concentrated in vacuo with toluene. H2O was added to the residue followed by extraction with CHCl3. 
The organic layer was dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The residue was purified 
by flash column chromatography (silica gel, MeOH in CHCl3), and concentrated in vacuo to give 45a (115 mg, 
53%) as a pale brown solid. 1H NMR (CDCl3) δ 2.55 (s, 6H), 4.19–4.32 (m, 2H), 4.63 (br-t, 2H, J = 7.5 Hz), 4.82 
(br-s, 2H), 6.54 (s, 1H), 7.14–7.24 (m, 3H), 7.46 (s, 1H), 7.57–7.67 (m, 1H); MS (ESI) m/z 347 [M+H]+; HRMS 
(ESI) calcd for C19H19N6O [M+H]+ 347.1615; found, 347.1614; Anal. Calcd for C19H18N6O·2.2H2O: C, 59.12; H, 
5.85; N, 21.77. Found: C, 58.99; H, 5.83; N, 21.72; mp 206 °C. 
 
(5,7-Dimethyl[1,2,4]triazolo[1,5-a]pyridin-2-yl)acetic acid (61b) 
To a solution of 2-(chloromethyl)-5,7-dimethyl[1,2,4]triazolo[1,5-a]pyridine (60b) (564 mg, 2.88 mmol) in DMF 
(6.0 mL) was added sodium cyanide (298 mg, 6.08 mmol). The mixture was stirred at room temperature for 5 h. 
The reaction mixture was concentrated in vacuo. H2O was added to the residue followed by extraction with CHCl3. 
The organic layer was dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The residue was purified 
by flash column chromatography (silica gel, 0–5% MeOH in CHCl3) and concentrated in vacuo. To a mixture of the 
residue in 1,4-dioxane (6.0 mL) was added NaOH (480 mg, 12.0 mmol) in H2O (6.0 mL). The mixture was stirred 
under reflux for 3 h. The reaction mixture was cooled at room temperature. To the mixture was added 1M HCl 
aqueous solution (12 mL) under ice-bath cooling. The mixture was concentrated in vacuo. The residue was dissolved 
with CHCl3/MeOH (9:1) co-solvent and filtered. The filtrated was concentrated in vacuo. The residue was washed 
with diisopropyl ether to give 61b (480 mg, 81% in 2 steps) as a brown solid. MS (ESI) m/z 206 [M+H]+. 
 
1-(2,3-Dihydro-1H-imidazo[1,2-a]benzimidazol-1-yl)-2-(5,7-dimethyl[1,2,4]triazolo[1,5-a]pyridin-2-
yl)ethan-1-one (45b)  
To a mixture of 51a (100 mg, 0.628 mmol) and 61b (167 mg, 0.814 mmol) in DMF (3.0 mL) were added HATU 
(310 mg, 0.815 mmol) and DIPEA (323 L, 1.89 mmol). The mixture was stirred at room temperature for 2 d. After 
concentrated in vacuo, the reaction mixture was purified by flash column chromatography (silica gel, 0–5% MeOH 
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in CHCl3) and concentrated in vacuo to give 45b (155 mg, 71%) as a colorless solid. 1H NMR (CDCl3) δ 2.42 (d, 
3H, J = 0.66 Hz), 2.73 (s, 3H), 4.24–4.31 (m, 2H), 4.61–4.70 (m, 2H), 4.95 (s, 2H), 6.63 (br-s, 1H), 7.16–7.25 (m, 
3H), 7.30–7.34 (m, 1H), 7.60–7.64 (m, 1H); 13C NMR (DMSO-d6) δ 16.34, 20.28, 34.48, 39.52, 48.70, 108.84, 
110.92, 114.55, 117.54, 120.75, 120.96, 130.99, 136.65, 140.16, 145.87, 150.36, 152.36, 159.66, 165.55; MS (ESI) 
m/z 347 [M+H]+; HRMS (ESI) calcd for C19H19N6O [M+H]+ 347.1615; found, 347.1614; Anal. Calcd for 
C19H18N6O·0.2H2O: C, 65.20; H, 5.30; N, 24.01. Found: C, 65.18; H, 5.28; N, 23.82; mp 242 °C. 
 
(5,8-Dimethyl[1,2,4]triazolo[1,5-a]pyrazin-2-yl)acetic acid (61c) 
To a solution of 2-(chloromethyl)-5,8-dimethyl[1,2,4]triazolo[1,5-a]pyrazine (60c) (1.00 g, 5.09 mmol) in DMF (10 
mL) was added sodium cyanide (499 mg, 10.2 mmol). The mixture was stirred at 80 °C for 3 h. H2O (2.0 mL) was 
added to the mixture. The mixture was stirred at 80 °C for 30 min. After cooling to room temperature, H2O was 
added to the reaction mixture followed by extraction with EtOAc. The organic layer was washed with H2O and 
brine, dried over anhydrous MgSO4, filtered and concentrated in vacuo. To a half of the residue in 1,4-dioxane (10 
mL) was added NaOH (793 mg, 19.8 mmol) in H2O (10 mL). The mixture was stirred under reflux for 1.5 h. After 
cooling to room temperature, H2O was added to the reaction mixture followed by extraction with EtOAc. To the 
aqueous layer was added 1M HCl aqueous solution (20 mL) under ice-bath cooling. The mixture was concentrated 
in vacuo. To the residue was added CHCl3/MeOH (20 mL/5 mL). The mixture was filtered, and the filtrate was 
concentrated in vacuo to give 61c (555 mg, 86% in 2 steps) as an orange solid. 1H NMR (DMSO-d6) δ 2.66 (s, 3H), 
2.75 (s, 3H), 3.93 (s, 2H), 7.97–8.00 (m, 1H). 
 
1-(2,3-Dihydro-1H-imidazo[1,2-a]benzimidazol-1-yl)-2-(5,8-dimethyl[1,2,4]triazolo[1,5-a]pyrazin-2-
yl)ethan-1-one (45c)  
Compound 45c was prepared from 51a and 61c in a manner similar to that described for compound 44d, with a 
yield of 55% as a colorless solid. 1H NMR (DMSO-d6) δ 2.67 (s, 3H), 2.75 (s, 3H), 4.27–4.36 (m, 2H), 4.48–4.56 
(m, 2H), 4.92 (s, 2H), 7.13–7.19 (m, 2H), 7.40–7.46 (m, 1H), 7.48–7.54 (m, 1H), 8.01 (d, 1H, J = 0.88 Hz); 13C 
NMR (DMSO-d6) δ 14.42, 20.61, 35.55, 39.73, 49.83, 109.96, 118.65, 121.88, 122.08, 129.82, 130.53, 132.08, 
146.24, 146.93, 148.53, 153.40, 161.13, 166.26; MS (ESI) m/z 348 [M+H]+; HRMS (ESI) calcd for C18H18N7O 
[M+H]+ 348.1567; found, 348.1568; Anal. Calcd for C18H17N7O: C, 62.24; H, 4.93; N, 28.23. Found: C, 62.44; H, 
4.96; N, 28.44; mp 247 °C. 
 
2-(5,8-Dimethyl[1,2,4]triazolo[1,5-a]pyrazin-2-yl)-1-[(2S)-2-methyl-2,3-dihydro-1H-imidazo[1,2-
a]benzimidazol-1-yl]ethan-1-one (45d)  
Compound 45d was prepared from 59l and 61c in a manner similar to that described for compound 44b, with a 
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yield of 68% as a colorless solid. 1H NMR (DMSO-d6) δ 1.51 (d, 3H, J = 6.6 Hz), 2.66 (s, 3H), 2.75 (d, 3H, J = 
0.66 Hz), 3.99 (dd, 1H, J = 9.9, 3.1 Hz), 4.42 (dd, 1H, J = 9.9, 8.4 Hz), 4.87 (d, 1H, J = 16.8 Hz), 4.94 (d, 1H, J = 
16.8 Hz), 5.10–5.20 (m, 1H), 7.12–7.20 (m, 2H), 7.38–7.45 (m, 1H), 7.48–7.55 (m, 1H), 8.00 (d, 1H, J = 1.1 Hz); 
13C NMR (DMSO-d6) δ 14.39, 20.19, 20.59, 36.01, 47.22, 58.72, 110.05, 118.62, 121.85, 122.07, 129.80, 130.51, 
132.02, 146.21, 146.89, 148.50, 153.02, 161.10, 166.15; MS (ESI) m/z 362 [M+H]+; HRMS (ESI) calcd for 
C19H20N7O [M+H]+ 362.1724; found, 362.1724; Anal. Calcd for C19H19N7O: C, 63.14; H, 5.30; N, 27.13. Found: 
C, 63.03; H, 5.40; N, 27.11; mp 142 °C; [α] D23 +55.3 (c 0.750, MeOH). 
 
 
In vitro 評価 
 
PDE10A enzyme assay protocol 
Cloning and vector construction of PDE10A2. The full-length human PDE10A2 was amplified by PCR using the 
1st strand cDNA synthesized from the total RNA isolated from human neuroblastoma TGW cell line. The PCR 
products were cloned into a pCR2.1-TOPO vector (Invitrogen. Inc.) to confirm sequences. The confirmed plasmid 
was digested with restricted enzymes, BamHI/HindIII, and this digested product was inserted into a pFastBac1 
vector (Invitrogen. Inc.). 
 
Preparation of human PDE10A2 enzyme. Human PDE10A2 enzyme protein was expressed in a Spodoptera 
frugiperda Sf9 insect cell using the Bac-to-Bac Baculovirus Expression System (Invitrogen. Inc.). The infected Sf9 
cells were collected by the centrifuge and removed medium. The collected cells were lysed by sonication in the lysis 
buffer (50 mM Tris–HCl [pH 8.0], 150 mM NaCl, 3 mM DTT, 0.1% NP-40, 20% glycerol with protease inhibitors), 
The lysate was centrifuged and supernatant was collected to obtain the PDE10A2 enzyme solution. We confirmed 
the PDE10A2 expression by Western blot analysis.  
 
PDE10A2 inhibition assay.  Inhibition of human PDE10A enzyme activity was assessed by measuring the 
quantity of cAMP via the Homogeneous Time-Resolved Fluorescence (HTRF) detection method. The assay was 
performed in 12 µL samples containing an optimal amount of the PDE10A enzyme, a buffer (40 mM Tris-HCl pH 
7.5; 5 mM MgCl2), 0.1 µM cAMP and various concentrations of compounds (0.1 nM to 10 µM). After compounds 
were preincubated for 30 min with the enzyme, the reaction was initiated by adding the substrate cAMP and the 
mixture was incubated for 60 min at room temperature with agitation. The reaction was terminated on addition of 
the fluorescence acceptor (cAMP labeled with the dye d2) and the fluorescence donor (anti-cAMP antibody labeled 
with Cryptate, Cisbio). After 60 min, the fluorescence transfer corresponding to the amount of residual cAMP was 
measured at λex. 320 nm, λem. 620 nm and λem. 665 nm using an Envision plate reader (PerkinElmer) and signal 
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ratio (665/620) was calculated. The ratio determined in the absence of enzyme was subtracted from all data. The 
obtained results were converted to activity relative to an uninhibited control (100%) and IC50 values were calculated 
using Prism software (GraphPad Software, Inc.). 
 
Expression and Purification of PDE10A Protein (for inhibition assay of compounds 33 and 34a–h). 
Human PDE10A phosphodiesterase domain (amino acids 449–789) was cloned between the NdeI and XhoI sites of 
pET28a vector to express target protein as a 6×histidine (His)-tagged protein. This plasmid was transformed in E. 
coli BL21(DE3) and overexpressed. The cells were disrupted by sonication and the supernatant was collected by 
centrifugation at 4 °C. The target protein was precipitated from the supernatant by adding ammonium sulfate to 
60% and was collected by centrifugation. The precipitate was dissolved with nickel–nitrilotriacetic acid (Ni-NTA) 
wash buffer (25 mM Tris-HCl pH 8.0, 500 mM NaCl, 20 mM Imidazole) and was applied onto an Ni–NTA column. 
After washing with Ni-NTA wash buffer, the bound protein was eluted with 25 mM Tris-HCl pH 8.0, 500 mM NaCl, 
250 mM Imidazole. Eluate was collected and the buffer exchanged with 25 mM Tris-HCl pH 8.0, 500 mM NaCl. 
The amino-terminal His tag of PDE10A (449-789) was removed by incubation with thrombin protease for 12 h at 
4 °C. After digestion, protein solution was passed through Benzamidine Sepharose 6B column (GE Healthcare) and 
again applied onto an Ni-NTA column to remove thrombin and uncleaved His-tag protein. Further purification was 
performed by passing through Q Sepharose column (GE Healthcare) equilibrated with 25 mM Tris-HCl pH 8.0, 150 
mM NaCl followed by Superdex 75pg 16/60 (GE Healthcare) in 25 mM N-(2-hydroxyethyl) piperazine-N’-2-
ethanesulfonic acid (HEPES)-Na pH 7.5, 100 mM NaCl. 
 
PDE10A inhibition assay (for inhibition assay of compounds 33 and 34a–h).  
Inhibition of human PDE10A enzyme activity was assessed by measuring the quantity of cAMP via the 
Homogeneous Time-Resolved Fluorescence (HTRF) detection method. The assay was performed in 20µL samples 
containing an optimal amount of the PDE10A enzyme domain, a buffer (50 mM Tris-HCl pH 8.0; 2 mM MgCl2, 
0.1% BSA), 0.1 µM cAMP and various concentrations of compounds (0.03 nM to 40 µM). After compounds were 
mixed with the enzyme, the reaction was initiated by adding the substrate cAMP and the mixture was incubated for 
30 min at room temperature with agitation. The reaction was terminated on addition of the fluorescence acceptor 
(cAMP labeled with the dye d2) and the fluorescence donor (anti-cAMP antibody labeled with Cryptate, Cisbio). 
After 60 min, the fluorescence transfer corresponding to the amount of residual cAMP was measured at lex. 320 
nm, lem. 620 nm and lem. 665 nm using an Envision plate reader (PerkinElmer) and signal ratio (665/620) was 
calculated. The ratio determined in the absence of enzyme was subtracted from all data. The obtained results were 




Mouse and human liver microsomal assays 
Pooled mouse or human liver microsomes (Xenotech LLC.) were diluted in 100 mM KH2PO4/K2HPO4 buffer 
(pH7.4) containing 0.1 mM ethylenediaminetetraacetic acid (EDTA). The incubation mixtures (270 μL total 
volume), which contained 0.2 mg/mL of microsomal proteins, and 0.2 μM of substrates were pre-incubated for 
approximately 15min at 37 °C. Reactions were initiated by the addition of 1 mM NADPH (30 μL). After the 
appropriate incubation time (0, 15, 30, and 45 min), 40 μL of incubation mixture was transferred into 80% 
acetonitrile containing internal standard (200nM methyltestosterone, 250 μL), stood at 4 °C for 20 min, and 
centrifuged for 20 min at 2800 rpm. The supernatant (200μL) was prepared and analyzed via LC–MS/MS with 
UPLC system (Waters) and Xevo TQ (Waters). The in vitro intrinsic clearance (CLint, vitro) was calculated using 
Equation 1, which is based on the time course of the residual ratio of the compounds.69 
CLint, vitro (mL/min/kg) = 
𝑲𝒆(𝟏 𝐦𝐢𝐧⁄ )×𝑴𝑺𝒄𝒐𝒏𝒕𝒆𝒏𝒕(𝒎𝒈 𝒌𝒈⁄ )
𝑴𝑺 𝑷𝒓𝒐𝒕𝒆𝒊𝒏 𝑪𝒐𝒏𝒄.(𝒎𝒈 𝒎𝑳⁄ )
   (1) 
where the Ke is the disappearance rate constant. 
 
CYPs inhibitory assays 
Time-dependent inhibition assay for CYP activity was performed in two steps, a pre-incubation step where the test 
compound was incubated with human liver microsomes and the secondary incubation period where specific 
substrates were added to the preincubate to measure residual CYP activity. Specific metabolites were used to 
monitor the CYP activities.  
Each test compound (5 μM) was pre-incubated with human liver microsomes (0.1 mg/mL) and NADPH (1.0 mM) 
at 37 °C. The pre-incubation times used were 0 and 30 min. Following the pre-incubation step, each compound was 
co-incubated with substrates at 37 °C for 20 min. At the end of the incubation, the reaction was terminated by the 
addition of aqueous solution containing 80% acetonitrile. The concentration of metabolites was determined by LC–
MS analysis. The inhibition of CYP activities was assessed by comparing the amount of metabolites formed in the 
presence of single concentration of inhibitor to the amount of metabolites formed in the solvent control. In each 
study, a CYP potent and specific inhibitors were used as positive control. 
% residual activity = 𝟏𝟎𝟎 × 
𝑨𝒄𝒕𝒊𝒗𝒊𝒕𝒚 𝑵𝑴𝑬,𝟑𝟎𝒎𝒊𝒏
𝑨𝒄𝒕𝒊𝒗𝒊𝒕𝒚 𝒗𝒆𝒉𝒊𝒄𝒍𝒆,𝟑𝟎𝒎𝒊𝒏
    (2) 
where Activity new molecular entity (NME), 30 min is the activity in the presence of test compound and with pre-
incubation, and Activity vehicle, 30 min is the activity in the absence of test compound and with pre-incubation. 
The substrates of CYP1A2, 2C8, 2C9, 2C19, 2D6 and 3A4 were phenacetin (20 μM), amodiaquine (0.1 μM), 





Transcellular transport study in LLC-PK1-MDR1 cells 
Wild type or MDR1-expressing LLC-PK1 cells (LLC-PK1-WT or LLC-PK1-MDR1, respectively) cultured for 5 d 
on a Millicell-96 Cell Culture Insert Plate (Millipore) were pre-incubated with transport buffer (HBSS, pH 7.4, for 
the apical and basolateral sides) for 1 h. After aspiration of the transport buffer, the donor solution (transport buffer 
(0.5% DMSO) containing the test compound (1 M) and Texas Red (1 M)) was added to the apical or basolateral 
side for the influx or efflux transport study, respectively, and the receiver solution (transport buffer (0.5% DMSO)) 
was added to the opposite side. After incubation for 3 h, the test compound in both sides was analyzed by LC–
MS/MS and the apparent permeability was determined. Efflux ratio (ER) was calculated by dividing the apparent 
permeability in the direction from the basolateral to the apical side by that in the opposite direction. Net efflux ratio 
(NER) was the ratio of ER of LLC-PK1-MDR1 to LLC-PK1-WT. Texas Red was used for the estimation of the 
apparent permeability via para cellular transport. Pint was expressed as a mean value of apparent permeability from 
apical to basal and from basal to apical in a wild-type cells. 
 
 
In vivo 評価 
All animal experimental procedures were approved by the Institutional Animal Care and Use Committee of Astellas 
Pharma Inc. Further, Astellas Pharma Inc. Tsukuba Research Center was awarded Accreditation Status by the 
AAALAC International. All efforts were made to minimize the number of animals used and to avoid suffering and 
distress. 
 
In vivo behavioral assay in mice 
Phencyclidine-induced hyperlocomotion: ICR mice aged 5 weeks were used to evaluate the effect of PDE10A 
inhibitor on hyper-locomotion induced by the NMDA antagonist phencyclidine (PCP). Immediately after oral 
administration of either vehicle or agent as pre-treatment, mice were placed into individual plastic test cages (30 × 
35 × 17.5 cm) of a SUPERMEX system (PAT.P; Muromachi Kikai Co., Ltd), and measurement of locomotor activity 
was started. After 1 h, the mice were injected with a post-treatment of saline or PCP (2.5 mg/10 mL/kg, s.c.), and 
locomotor activity was measured for a further 60 min. Total locomotor activity for 60 min post-treatment was 
calculated. 
 
MK-801-induced working memory deficit in mice during Y-maze test: Spatial working memory performance was 
assessed by recording spontaneous alternation behavior of male ddY mice (aged 5-6 weeks, Japan SLC, Inc.) in a 
Y-maze as described previously68, 70. The maze was constructed from gray polyvinyl chloride, with arms (length, 40 
cm; height, 13 cm; width at bottom, 3 cm; and width at top, 10 cm) converging at equal angles. 40 minutes after p.o. 
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administration of 45d or vehicle, 0.15 mg/kg of MK-801 was administered intraperitoneally (i.p.) to each animal. 
Control animals were administered vehicle instead of 45d and saline instead of MK-801 (i.p.). Twenty minutes after 
administration of MK-801 or saline, each mouse was placed at the end of one arm and allowed to freely explore the 
apparatus for 8 min. The total number of arm entries was recorded for each animal throughout the period. Alternation 
was defined as entries into all three arms on consecutive occasions. The alternation rate was calculated using the 
following formula:  
 Alternationrate(%) = 100×Numberofalternations/(Numberoftotalarmentries−2)  
 
Catalepsy in mice: Eight-week-old male ICR mice were administered 45d or vehicle (p.o.) as previously described68. 
After 60 min, each mouse was assessed for catalepsy for 120 s. Catalepsy was measured via the bar method, which 
consists of placing an animal following drug administration, with its front legs resting on a bar suspended above the 
floor of the test apparatus. Intensity of catalepsy was measured as the length of time the test subject maintains this 
abnormal posture. Catalepsy time (duration of catalepsy) was calculated. 100 mg/kg of 45d became jelly like it was 
impossible to administer, so we excluded this group. 
 
Mouse pharmacokinetic study 
The mice were treated orally with compound 36a or 45d suspended in 0.5% methylcellulose aqueous solution. 
Blood samples were collected using syringes containing heparin sodium at 1 h after oral administration. Blood 
samples were kept on ice and centrifuged, which was then frozen stored prior to analysis. Whole brain samples were 
collected at 1 h after administration, and frozen stored and homogenized in 4-fold volume of phosphate buffered 
saline (pH 7.4) before extraction processing. Extraction and analysis of compound concentrations were performed 
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